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Abstract 

Membrane-based desalination and ion separation processes have been developed to mitigate 

the stress on global water supply and to satisfy the needs for the emerging clean-energy production 

and storage field. To continue to meet the increasing demand, advanced and highly selective 

membranes are required to separate water and ions from seawater in cost-effective and energy-

efficient manners. A general lack of fundamental structure-property relationships frustrates the 

development of these membranes. Advances in membrane synthesis enables precise 

functionalization of the membranes with task-specific functional groups (e.g., charged group for 

enhanced salt rejection) or fillers (e.g., size-selective fillers for ion separation), yet more research 

efforts are required to fully elucidate the role of these functional groups/fillers on the membrane 

water/salt transport properties. Several problems, important but often overlooked, naturally arise 

from the membrane functionalization. First, the mismatch of introduced functional group/filler 

hydrophilicity and the pristine membrane hydrophilicity would cause changes in the hydrated 

membrane water fraction, which eventually affects the membrane water/salt transport. Next, the 

introduced functional groups/fillers aimed to tailor the membrane water/salt sorption could 

possibly change the membrane water/salt diffusion as well, thus making the overall effects of the 

functional groups/ fillers on the membrane water/salt transport hard to predict. Finally, any 

functionalization on the membrane is associated with environmental and economic costs, so the 

membrane functionalization is only justified if the benefits of functionalization overcome such 

costs. 

In this thesis, fundamental theories and basic models related to membrane small molecule 

transport, e.g., the free volume theory and the solution-diffusion model, were first introduced, to 
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establish the theoretical frameworks for further discussion on desalination and ion separations. The 

role of two types of functional groups, i.e., interactive and non-interactive functional groups, were 

then investigated, to study their influences on the membrane water/salt transport properties. Our 

results suggest that non-interactive functional groups, e.g., triptycene groups, could enhance 

membrane desalination performances via free-volume rearrangement. As for interactive groups, 

e.g., hydroxyl groups, configuring them in an even-distribution manner could promote membrane 

desalination performances as water-clustering in the hydrated membrane is minimized. Pioneer 

works related to the cleaner production of MOFs containing MMMs were conducted to investigate 

the feasibility of producing/using such MMMs for ion separation. Life-cycle assessment and 

techno-economic analysis confirmed the largely environmental and economic favorability 

producing UiO-66-NH2 from an aqueous-solution based system, while membrane transport studies 

and material characterizations suggest further research efforts are necessary to fabricate MMMs 

containing UiO-66-NH2 from aqueous-solution based systems for selective ion separation. 
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Chapter 1. Introduction  

1.1 General Motivations 

The population growth and societal development in the past several decades have brought 

several critical challenges (e.g., global warming, water shortage, energy crisis and food deficiency 

etc.) to the world, and these challenges must be resolved in the near future for the sake of human 

civilization.[1–4] Figuring out the pathways to solve these challenges is not a simple task, as these 

challenges, seemingly independent from each other, are actually highly interconnected. Hence, 

understanding the connections between these challenges, e.g., how water shortage affects energy 

crisis, is the first step that the science/engineering community must take. [1–4] 

The connections between water shortage, energy crisis and food deficiency are interpreted 

using the ternary water-energy-food nexus, and some key concepts of the water-energy-food nexus 

are summarized below.[3–8] First, in many conventional energy production systems, e.g., coal 

fired power plant, water (steam) is used as the energy-carrying working fluid due to its high heat 

capacity and high latent heat of vaporization/condensation.[9,10] As such, if more energy were to 

be produced in the conventional manner to mitigate the energy crisis, more water is required, which 

might cause further water shortage. Next, in many conventional water productions system, e.g., 

producing reclaimed water at wastewater treatment plant, energy, either thermally or electrically, 

is required to drive the process.[11,12] Hence, if more water were to be produced to increase the 

water supply, more energy is required, which could worsen the energy crisis. Finally, both water 

and energy are necessary for food production, e.g., water is consumed in agricultural irrigation and 

energy in consumed in the transportation of food.[5–8] Therefore, if more food were to be 

produced to alleviate the food deficiency, more water and energy are required, which would result 

in further water shortage and energy crisis. The analysis on the water-energy-food nexus yields 
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general guidelines for pathways to solve water shortage, energy crisis and food deficiency. Briefly, 

the water and energy consumption/utilization efficiency associated with food production should 

be minimized/maximized, and the energy demand associated with water production should also be 

minimized. However, it is still unclear what manners are optimal for energy production, i.e., what 

systems should be used to produce more energy, and figuring out these manners requires some 

knowledge on the global warming mitigation. 

The ultimate goal of global warming mitigation is to lower the (equivalent) concentration 

of carbon dioxide (CO2) in the atmosphere,[2,13,14] and achieving this goal requires efforts from 

three directions, e.g., reducing the CO2 generation, limiting the CO2 discharge and capturing 

atmospheric CO2.[15–18] Among these three directions, the first one is highly related to the energy 

production, while the latter two are often discussed in the context of carbon capture and storage 

(CCS).[15–18] Currently, a large portion of energy consumed worldwide is produced by the 

combustion of fossil fuels, and such energy production manner has high global warming potential, 

i.e., high CO2 generation rate per MJ energy produced.[19,20] As such, replacing traditional fossil 

fuels with cleaner energies, e.g., wind, solar, biomass and nuclear, is necessary, and these cleaner 

energies should also be prioritized in solving the energy crisis, the water shortage and the food 

deficiency.[7,21,22] 

Certain resources are required to enable the production and/or utilization of cleaner 

energies. For example, large energy storage device, e.g., a battery, are often necessary for wind 

and solar energy, and certain elements, e.g., uranium (U), are essential for nuclear energy.[7,21,22] 

Hence, finding cost-effective and energy-efficient methods to supply the resources for clean 

energies is rather important. 
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In the past five year, I tried to tackle two of the challenges/problems discussed above. My 

major research focus is solving the global water shortage with energy-efficient methods, while my 

minor research focus is promoting the supply of resources required by cleaner energies. For both 

focuses, the researches started from identifying the optimal reservoirs of the resource, e.g., where 

additional water should be produced from. Once the optimal resource reservoir was located, the 

separation method was proposed, and certain factors that affects the separation were investigated. 

In the rest of the Introduction Section, the selection of resource reservoirs will be briefly justified 

first, followed by proposing the separation method and identifying the scientific questions to be 

answered. 

1.2 Resource Reservoirs 

The most commonly considered reservoirs for both water and minerals are inland 

reservoirs. For example, water could be taken from rivers and/or lakes, processed at wastewater 

treatment plants if necessary, and supplied to end users.[23] Similarly, ores containing lithium or 

uranium could be mined and refined to produce high purity Li or U for battery production or 

nuclear power plant.[24,25] Harvesting resources from their inland reservoirs is relatively 

straightforward, yet it might not be the optimal solution for the future production of resources due 

to two major constraints. The first constraint arises from the geological distribution of the inland 

resource reservoirs. Some countries have limited to no inland natural waterbody, e.g., lakes or 

rivers, and many countries do not have access to certain minerals, e.g., Li containing ores.[24,25] 

Hence, in these regions, harvesting resources from the inland reservoirs is not practical. The second 

constraint is associated with the total amount of resource that could be harvested from the inland 

reservoirs, e.g., how much water is available from the lakes or rivers. For example, among all the 
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earth’s waterbody, only 3% is inland water, while the rest 97% is seawater.[1] Similarly, the inland 

Li and U reserves are much lower than the ocean Li and U reserves, e.g., 16 million tonnes Li 

(inland) vs. 230 billion tonnes Li (seawater) and 40 million tonnes U (inland) vs. 4.6 billion tonnes 

U (seawater).[24–27] Therefore, the inland reservoirs are unlikely the long-term solution for the 

supply of critical resources. 

The analysis above suggests that seawater/ocean could be the optimal reservoir for multiple 

critical resources. However, seawater is a highly complicated mixture, e.g., seawater contains 

water, salts and organic compounds, so some treatments are necessary to extract the desired 

resources.[1,23] For example, salt must be removed from seawater, i.e., desalination, before 

seawater is used as drinking water or applied as irrigation water.[28] Furthermore, a desired ion, 

e.g., Li, must be effectively separated from other interfering ions, i.e., selective ion separation, 

before this ion could be sent to refinery for further processing.[29,30] Therefore, applying 

desalination and selective ion separation on seawater is the direction I took to solve the global 

water shortage and to promote the supply of resources required by cleaner energies. 

1.3 Membrane-based Desalination and Selective Ion Separation 

Polymeric membrane-based separation processes, known for their good energy efficiency 

and low cost, have been widely used in food industry, pharmaceutical industry, and medical 

industry.[29] In the past two decades, large scale membrane-based desalination processes have 

been developed to mitigate the stress on global freshwater supply caused by the societal 

development and the population growth.[1,31,32] Recently, numerous efforts have been put into 

lab/pilot scale membrane-based separation of high value metal ions, such as Li and U, from 
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seawater to satisfy the long-term needs for the emerging clean-energy production and storage 

field.[33,34] 

So far, two generations of desalination membranes, cellulose acetate (CA) membranes 

(first generation) and polyamide (PA) membranes (second generation) have been developed and 

applied in seawater desalination.[1] Both the CA membranes and the PA membranes allow for 

high water flux, i.e., high productivity, and high salt rejection, i.e., high water/salt selectivity.[1] 

However, certain drawbacks exist for both the CA membranes and the PA membranes. For 

example, CA membranes might undergo acid/base-catalyzed hydrolysis and/or bio degradation, 

and these factors lead to a narrow range of optimal operation conditions for the CA membranes.[35] 

Nevertheless, the current state-of-art desalination membranes, PA membranes, are vulnerable to 

oxidation degradation, so any chlorine-based disinfectant, used for controlling the biol-fouling in 

the desalination process, must be effectively removed prior to the membrane desalination stage, 

and the chlorine removal stage generally increase the process energy demand and the process 

cost.[36] Hence, the next generation of desalination membranes are expected to maintain the 

advantages of the CA and PA membranes, i.e., the new membranes should have similar water flux 

and salt rejection at the same operation condition, and the new membranes are expected to show 

improvements in the membrane chemical and mechanical stabilities compared to the CA and PA 

membranes.[23,37] 

The selective ion separation membranes are more diversified, compared to the desalination 

membranes. For example, dense membranes bearing cationic groups, e.g., -NR4
+, or anionic 

groups, e.g., -SO3
-, can used in electric-filed driven processes,[29,30,37] e.g., electrodialysis (ED), 

to selectively separate anions or cations based on their charge. Furthermore, mixed matrix 
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membranes (MMMs) containing porous fillers, e.g., zeolite or metal organic frameworks (MOFs), 

could be used to separate ions based on their size.[38–40] Similar to the desalination membranes, 

certain challenges are often encountered in the practical ion separation using selective ion 

separation membranes. For example, a ligand containing membrane or an ion-imprinted membrane 

designed for recovering one ion from seawater, e.g., Li+, may also recover interfering ions with 

similar physical-chemical properties, e.g., Na+ and Li+
 has similar charge and hydration size, 

especially when the concentration of the interfering ion is much higher than the concentration of 

the target ion, e.g., Na+ vs. Li+.[33,34] Moreover, the ion separation membranes that are selective 

enough are not often productive enough, i.e., ion selectivity is high yet the ion diffusion is slow, 

so a larger driving force, e.g., current in the ED process, needs to be applied, which leads to higher 

process energy demand and process cost.[29,30,37] Hence, the future selective ion separations are 

expected to possess both high ion selectivity and ion productivity. 

Considering the high analogous nature of the desalination and sweater ion separation,[1,37] 

i.e., the process and the small molecule transport mechanism are similar, a better understanding on 

the fundaments of cross-membranes water/salt transport process could push the membranes field 

towards solving the challenges discussed above. For dense polymeric membranes (most of the 

membranes studied in this thesis are dense membranes) used in the desalination and ion separation, 

the membranes are assumed to be hydrated by water during the entire process, and the cross-

membrane water and salt transport processes could be described by the solution-diffusion 

model.[41–43] The solution diffusion model depicts the transport process as two phases, the 

water/salt partitioning from the external solution into the membrane, i.e., solution, followed by the 

water/salt moving across the membranes, i.e., diffusion. The overall membrane water/salt 
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permeability is a product of the solution component and the diffusion component.[41–43] 

Additionally, the hindered transport theory suggests the cross-membrane transport take place only 

the water fraction of the hydrated membranes, as the polymer fraction is often considered 

impermeable to both water and salts.[41,42,44] It has been widely reported that the higher the 

membrane water fraction, the higher the membrane water/salt permeability and the lower the 

membrane water-to-salt selectivity or the salt-to-salt selectivity, i.e., a tradeoff between 

productivity and selectivity exists.[45] Based on the solution-diffusion model, favorable transport 

of one species over the other, e.g., water over salt or target ion over interfering ions, could be 

achieved by tuning either (if not both) the solution component or the diffusion component. For 

example, introducing charged functional groups, e.g., -SO3
- or -NR4

+, to a desalination membrane 

leads to lower salt partition via Donnan exclusion, so the water transport is more 

favorable.[23,37,46,47] With the rapid development in polymer chemistry, precise modification 

of the membranes with task-specific (e.g., salt rejection or ion binding) functional groups is 

becoming increasingly viable, yet more research efforts are required to fully elucidate the effects 

of these functional groups on the membrane water/salt transport properties.[23,37,46,47] 

Two problems, important but often overlooked, naturally arise from the membrane 

modifications. First of all, the mismatch of the introduced functional group/filler hydrophilicity 

and the pristine membrane hydrophilicity, e.g., adding a hydrophilic -SO3H group to a hydrophobic 

polysulfone membrane or incorporating hydrophobic MOFs into a hydrophilic poly(vinyl alcohol) 

(PVA) membrane, would cause changes in the hydrated membrane water fraction and/or water 

distribution, which eventually affects membrane water/salt transport properties.[42,44,48] In this 

case, decoupling the effects of water fraction change from the effects of the functional 
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groups/fillers is necessary to investigate the role of the introduced functional groups/fillers, and 

such decoupling could potentially be hard to achieve.46,47 Meanwhile, introducing functional 

groups/fillers into the membrane to alter water/salt partition/diffusion could possibly change the 

water/salt diffusion/partition as well, e.g., an ion ligand could possibly promote partition but 

hinders diffusion, thus making the overall effects of functional groups/fillers on the water/salt 

permeability difficult to predict.46,47 Solving these two problems, although requiring new model 

materials with judicious molecular design, is a crucial step towards better understanding the 

fundaments of cross-membrane water/salt transport processes, and would eventually shed light on 

the design principles of better membranes, i.e., membranes that are highly selective, highly 

productive, and chemically and mechanically robust, for desalination and selective ion separation. 

1.4 Summary of the works presented in this thesis 

In this thesis, chapter 2, 6 and 7 are related to ion separation, while chapter 3 through 5 are 

related to desalination. In chapter 2, basic theories that are used to model ion separation selectivity 

were presented and discussed.[37] In chapter 6 and 7, pioneer works related to the cleaner 

production of MOFs containing MMMs were conducted to investigate the feasibility of 

producing/using such MMMs for ion separation.[49] In chapter 3, sulfonated polysulfone 

membranes bearing chemically inert functional groups were studied to elucidate the role of these 

groups in promoting the membrane water-to-salt selectivity.[23] In chapter 4 and 5, a series of 

membranes with similar functional groups and equivalent water fraction were examined to clarify 

the influence of functional group configurations on the membrane water/salt transport 

properties.[46,47] 
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Chapter 2. Connecting the ion separation factor to the sorption and diffusion selectivity of 

ion exchange membranes1 

2.1. Introduction 

Natural resources and energy, such as freshwater, minerals and electricity, are 

indispensable to human life and the development of society, yet continuous global population 

growth continues to lead to increased demand that challenges the supply of each.[1-7] Polymer 

membrane-based separation processes are known for high efficiency, reliability, and cost-

effectiveness, and they have been widely applied to mitigate stresses on the global supply of natural 

resources (particularly water) and are being considered to address challenges related to emerging 

production and storage of clean-energy.[8-11] For example, highly selective reverse-osmosis (RO) 

membranes can effectively desalinate water,[12-24] and ion exchange membranes (IEMs) can be 

used to selectively extract target ions from a mixture of electrolytes[25-31] or to serve as a selective, 

conductive barrier in batteries and fuel cells.[25, 32-43] Among these membrane-based separations, 

electric field-driven membrane-based processes are of particular interest in the field of 

desalination,[44-50] specific ion separations,[31, 51-66] and energy applications.[67-74] 

Processes, including electrodialysis (ED) (for desalination and/or specific ion separations) and 

reverse electrodialysis (for energy production), have been scaled up in response to this interest.  

The electric field-driven nature of ED can lead to higher process costs in some cases as 

electricity can be more expensive compared to other driving forces (e.g. thermal energy and 

pressure) that are used to accomplish separations.[9, 49, 75] However, when ED is used in ion 

 
1 This chapter is already published and available from: Luo, H., Agata, W. A. S., & Geise, G. M. (2020). Connecting 

the ion separation factor to the sorption and diffusion selectivity of ion exchange membranes. Industrial & 

Engineering Chemistry Research, 59(32), 14189-14206. 
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separation applications, the high cost of electricity could be overcome by the value of the recovered 

ions. This situation could be particularly true if the ions, lithium[76-79] or rare Earth elements,[80-

82] are sufficiently valuable.  

In a typical ED application, cation exchange membranes (CEMs, which contain fixed 

negatively charged functional groups) and anion exchange membranes (AEMs, which contain 

fixed positively charged functional groups) are stacked in an alternating fashion. As a current is 

applied, cations will transport preferentially across the CEMs while anions will transport 

preferentially across the AEMs.[54, 73, 83, 84] If the relative rates of transport of one cation, 

versus another, through the CEM (or one anion, versus another, through the AEM) are different, 

then ED can be used to fractionate ions and to enrich a target ion via the process. Different 

strategies, such as mixing nanomaterials into IEMs[85, 86] or coating oppositely charged layers 

and/or layer-by-layer deposition of polyelectrolytes,[60, 62-64, 87-89] have been considered to 

enhance this form of selectivity. These modifications suggest promising strategies for developing 

novel IEMs that would enable the capture or enrichment of specific ions from a multi-electrolyte 

solution.  

Several critical challenges, such as membrane selectivity, productivity and durability, still 

need to be addressed before this form of ion separation will likely be viable. First, many of the 

high value target ions (e.g., Li+) are present at very low concentrations compared to other ions 

(e.g., Na+ and Mg2+) in the solution. Therefore, membranes offering high selectivity for the target 

ion over other ions are needed.[76-79] Also, the process must be productive enough to be viable. 

Low productivity in ED leads directly to higher energy consumption and operating costs.[76-79] 

Finally, membrane durability must also be considered when designing new IEMs. If, for example, 
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ion selective surface coatings[60, 62-64, 87-89] become damaged over time,[90, 91] repair or 

replacement of the membranes will result in greater cost over time.  

Addressing these challenges could be facilitated by improved understanding of structure-

property relationships in IEMs. For example, understanding what specific functional groups 

enhance the separation of specific ions would go a long way toward engineering new ion selective 

membranes. While efforts have been underway, for some time, to answer these questions, this area 

represents an opportunity for polymer science and engineering to understand how the interplay of 

chemistry and membrane structure contribute to transport mechanisms and ultimately transport 

properties. 

Recently, the greater importance of water/salt selectivity compared to productivity has 

been emphasized.[92, 93] It is likely that the corresponding view (that selectivity is particularly 

critical) may also be the case for IEMs used in electric field-driven processes because small 

molecule transport is highly analogous in these membranes. The ion selectivity of an IEM can be 

deconvoluted into sorption and diffusion selectivities,[94] and both of these selectivity values can 

be engineered to achieve selective transport of one ion over others. For example, the membrane 

could be engineered to preferentially sorb the target ion while excluding the others. Additionally 

or perhaps alternatively, it could be engineered to preferentially restrict the rate of transport of the 

other ions relative to the target ion. This review discusses the connections between sorption and 

diffusion selectivity and the overall ion selectivity of an ion exchange membrane. 

Here, the ion selectivity and its sorption and diffusion selectivity contributors are discussed 

for ion exchange membranes using the framework of the solution-diffusion model. First, relevant 

theory is discussed followed by discussion of some implications of those theories. In addition to 
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introducing and discussing the different ion selectivity measures for ion exchange membranes, we 

review several methods that are commonly used to quantify sorption and diffusion selectivity. We 

also review important assumptions and potential artifacts that are associated with the different 

methods for determining sorption and/or diffusion selectivity properties. Ultimately, the discussion 

connects measures of ion selectivity to sorption and diffusion contributors in an effort to provide 

insight for engineering next generation ion exchange membranes.  

2.2. Theory 

2.2.1 Separation Factor 

The separation factor (SF) describes the tendency of a target ion, i, to pass through a 

membrane relative to some other ion, j. Typically, the separation factor (sometimes also called the 

selectivity or permselectivity) is defined as a ratio of concentration normalized fluxes:[95, 96]  

                𝑆𝐹 ≡
𝐽𝑖 𝐶𝑖

𝑠⁄

𝐽𝑗 𝐶𝑗
𝑠⁄
                                                             (2.1) 

where 𝐽𝑖 is the average flux of ion i, and 𝐶𝑖
𝑠 is the concentration of ion i in the upstream solution. 

Normalizing the flux by the ion concentration in the upstream solution accounts for differences in 

concentration, as 𝐽𝑖 𝐶𝑖
𝑠⁄  is effectively the permeance of ion i in the limit where the ion 

concentration on the upstream side of the membrane is much greater than that on the downstream 

side of the membrane.[6, 9, 97] Thus, SF can be viewed as a ratio of the permeance of i to that of 

j, and it is often used as a measure of the separation effectiveness (i.e., ion i is typically chosen to 

be the target ion so that SF > 1) of a membrane for ion separation applications (e.g., electrodialysis 

and Donnan dialysis).[76, 98]  
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The separation of ions can also be evaluated using the separation efficiency parameter, SEP, 

which is based on the initial concentrations of the ions in the dilute solution and the concentrations 

of the ions in the dilute solution after a fixed amount of operating time.[99, 100] The two 

approaches for characterizing the ion separation are related. In an effective separation where i is 

the target component, the permeance of i is greater than that of component j. Therefore, in an 

effective separation process, one would expect the retention of component j at any time t to be 

greater than the retention of component i, and this situation results in a separation efficiency 

parameter greater than zero and a separation factor greater than unity. For the purpose of this 

review, we will focus on the separation factor (Eqn (2.1)) as it describes the relative rates of 

transport of component i to that of component j. 

In addition to Eqn (2.1), the separation factor is, in some cases, also expressed as the ratio 

of the flux of i to that of j.[101] In this approach, the upstream solution concentrations are not used. 

This approach can be useful from a process engineering point of view because it provides direct 

insight into how many i ions transfer per each j ion. 

Alternatively, when SF is defined as a ratio of ion permeances, it provides insight into how 

intrinsic membrane properties affect the ion separation. As a ratio of ion permeance values, Eqn 

(2.1) considers both the relative number of ions transferred (i.e., flux) and the ion availability (i.e., 

concentration). For example, in typical Li+/Mg2+
 separations, the feed solution typically contains 

much less Li+
 compared to Mg2+ (e.g., the molar ratio of Li+/Mg2+ can be on the order of 0.1 

depending on the source).[76] In a membrane separation process, the Li+ flux would be expected 

to be much less than that of Mg2+ as a result of the smaller driving force for Li+
 transport compared 

to that for Mg2+ transport. Consequently, comparing only the Li+ and Mg2+ fluxes could lead to the 
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conclusion that the membrane is ineffective, as a greater flux of Mg2+ (i.e., the interfering ion) is 

observed relative to that of Li+ (i.e., the target ion). However, the process may actually enrich Li+ 

(relative to Mg2+) in the product solution if SF > 1. This enrichment means that Li+ (i.e., the target 

ion) is concentrated in the product solution compared to the feed solution, which is the hallmark 

of an effective process.[76, 98] Therefore, SF, as defined in Eqn (2.1), is a useful figure of merit 

to inform membrane performance for ion separations. 

The definition of SF in Eqn (2.1) can be used to derive alternate expressions for the 

separation factor.[56, 57] Often, arriving at these expressions requires knowledge of or 

assumptions about the ion transport mechanism in the membrane. Here we focus on dense, non-

porous ion exchange membranes where transport is described using the solution-diffusion 

model.[102-104] While porous membranes have, in some cases, been used in electrodialysis 

applications,[51, 105] the scope of this review is limited to dense, non-porous membranes. The 

solution-diffusion model describes cross-membrane ion transport as a three-step process.[102, 103, 

106] First, ions sorb (or partition) into the membrane from the upstream solution. Next, the ion 

diffuses through the membrane, and finally, the ion desorbs into the downstream solution.  

Fick’s law is often used as the constitutive equation to relate flux to an external 

concentration difference driving force.[3, 107]  When the concentration difference across the 

membrane is approximately equal to the concentration on the upstream side of the membrane (i.e., 

𝐶𝑖
𝑠 ≫  𝐶𝑖

𝑠,𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚
), Fick’s law can be written as:[107] 

𝐽𝑖 =
𝐾𝑖𝐷𝑖

𝑚

𝐿
𝐶𝑖

𝑠                                                          (2.2) 
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where 𝐷𝑖
𝑚 is the average diffusion coefficient of ion i in the membrane phase, L is the membrane 

thickness, and the ion sorption coefficient is defined as 𝐾𝑖 ≡ 𝐶𝑖
𝑚 𝐶𝑖

𝑠⁄  where 𝐶𝑖
𝑚  is the 

concentration of i in the membrane phase.[102, 106] The product of the sorption and diffusion 

coefficient (i.e., 𝐾𝑖𝐷𝑖
𝑚) is typically called the permeability of ion i, and this permeability therefore 

encapsulates the sorption and diffusion components of the solution diffusion model.[97, 103] 

Correspondingly, the separation factor can be expressed as: 

𝑆𝐹 =
𝐾𝑖𝐷𝑖

𝑚

𝐾𝑗𝐷𝑗
𝑚 =

𝑃𝑖

𝑃𝑗
                                                          (2.3) 

where the separation factor is also equal to the ion i / j permeability selectivity (i.e., the ratio of 

the permeability of ion i, 𝑃𝑖, to that of ion j, 𝑃𝑗).  

 In ion separation processes seeking to separate ions of like charge, electric fields are often 

used to drive ion transport. Therefore, in the limiting case where ion transport is driven primarily 

by an electric field, the ion flux and separation factor can be expressed in terms of ion transport 

numbers as:[89, 108]  

𝐽𝑖 =
𝐼𝑡𝑖

𝑧𝑖𝐹
                                                            (2.4) 

𝑆𝐹 =
𝑧𝑗

𝑧𝑖

𝑡𝑖 𝐶𝑖
𝑠⁄

𝑡𝑗 𝐶𝑗
𝑠⁄
                                                       (2.5) 

where 𝐼 is the current density, 𝑧𝑖 is the valence of ion i, 𝑡𝑖 is the transport number of i, and F is 

Faraday’s constant. The appearance of the ion valences in Eqn (2.5) accounts for differences in 

the influence of the electric field on the transport of ions of different valence. The transport 

number describes the fraction of current carried by a particular ion and is defined as:[25, 94]  



19 

 

 

𝑡𝑖 =
𝑧𝑖

2𝐶𝑖
𝑚𝐷𝑖

𝑚

∑ 𝑧𝑖
2𝐶𝑖

𝑚𝐷𝑖
𝑚

𝑖
                                                                 (2.6) 

 Arriving at Eqn (2.5) requires an assumption that electric field-driven migration dominates 

over diffusive and convective ion transport.[89, 108] This assumption may be valid when the 

concentration difference between the upstream solution and the downstream solution is relatively 

low (to suppress the contribution of diffusive transport) and the applied current density is 

sufficiently high.[94] The full expression for the Nernst-Planck equation,[107] described 

elsewhere, can be used in place of this assumption to simultaneously describe the contributions of 

diffusion, migration, and convection to the flux.[109] 

 By substituting Eqn (2.6) into Eqn (2.5), the separation factor can be expressed as: 

𝑆𝐹 ≅
𝑧𝑖

𝑧𝑗

𝐾𝑖

𝐾𝑗

𝐷𝑖
𝑚

𝐷𝑗
𝑚                                                     (2.7) 

Both Eqns (2.3) and (2.7) suggest that the separation factor can be expressed in terms of the 

sorption selectivity, 𝐾𝑖 𝐾𝑗⁄ , and the diffusivity selectivity, 𝐷𝑖
𝑚 𝐷𝑗

𝑚⁄ . Both of these selectivity 

values are intrinsic material properties of the membrane, though as will be discussed 

subsequently, the sorption selectivity may also depend on characteristics of the solution. A 

summary of different forms of the separation factor is provided in Table. 2.1. 

Table 2. 1 Summary of the SF expressions discussed in Section 2.2.1. The separation efficiency parameter, SEP, 

stems from an ion retention perspective and is based on the initial concentrations of the ions in the dilute solution 

and the concentrations of the ions in the dilute solution after a fixed amount of operating time.[99, 100] The criteria 

for an effective separation, where component i is the target ion, are SF > 1 and SEP > 0. 

Index for 

Separation 

Efficiency 

Definition/Formula Applicability 
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Separation 

Factor (SF) 

𝑆𝐹 ≡
𝐽𝑖 𝐶𝑖

𝑠⁄

𝐽𝑗 𝐶𝑗
𝑠⁄
 General by Definition 

𝑆𝐹 =
𝐾𝑖𝐷𝑖

𝑚

𝐾𝑗𝐷𝑗
𝑚 =

𝑃𝑖

𝑃𝑗

 
Dense Membranes; Transport 

Driven by a Concentration Gradient 

𝑆𝐹 ≅
𝑧𝑖

𝑧𝑗

𝐾𝑖𝐷𝑖
𝑚

𝐾𝑗𝐷𝑗
𝑚 

Dense Membranes; Transport 

Driven by an Electric Field 

Separation 

Efficiency 

Parameter 

(SEP)[99, 

100] 

𝑆𝐸𝑃(𝑡) =
(𝑐𝑗(𝑡) 𝑐𝑗(0)⁄ ) − (𝑐𝑖(𝑡) 𝑐𝑖(0)⁄ )

(1 − 𝑐𝑗(𝑡) 𝑐𝑗(0)⁄ ) + (1 − 𝑐𝑖(𝑡) 𝑐𝑖(0)⁄ )
× 100% General by Definition 

 

2.2.2 Ion Sorption Selectivity 

 The equilibrium ion sorption coefficient, 𝐾𝑖, is defined as the ratio of the concentration of 

i in the membrane relative to that in the external solution.[9, 102, 106] The partitioning process, 

or ultimately the concentration of i in the membrane, is affected by the specific properties of the 

membrane.[3, 6, 97] A particularly profound example of this situation is the one observed when 

comparing uncharged membranes and ion exchange membranes (IEMs). The fixed charge groups 

present in ion exchange membranes have a significant influence on ion sorption properties.[3, 6, 

97] Furthermore, the choice of ion i and/or the way that 𝐾𝑖 is used to analyze transport can depend 

on the application of interest. The following discussion further describes these differences. 

To start, we restrict the discussion to single-electrolyte systems. In an uncharged membrane 

(i.e., a hydrophilic material that does not contain ionizable fixed charges), the equivalent cation 
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and anion concentrations in the membrane must be equal according to the principle of 

electroneutrality.[106, 110] For monovalent binary salts, this situation simplifies to say that the 

molar cation and anion concentrations are identical in the membrane.[110] In this case, defining 

𝐾𝑖 using either the anion or the cation yields the same result.[106, 110]  

In IEMs, the concentration of counter-ions (i.e., cations in cation exchange membranes or 

anions in anion exchange membranes) in the membrane phase is typically greater (and often much 

greater) than the concentration of co-ions (i.e., ions with the same charge as the fixed charge groups 

in the membrane).[106, 110-112] When IEMs are used in desalination, co-ion sorption is 

particularly important because the co-ions are representative of the concentration of mobile salt 

(i.e., electrically-neutral combinations of ions) in the membrane.[106, 110-112] As such, the co-

ion sorption coefficient in an IEM is equivalent to the salt sorption coefficient, 𝐾𝑠, which is useful 

for studying salt permeability properties of IEMs and ultimately salt rejection for desalination 

applications.[106, 111, 112] 

When IEMs are used in electrodialysis, however, it is desirable to have the counter-ions 

carry the majority of the current (i.e., account for the majority of the ion transport).[25, 113] As 

such, it is useful to consider the counter-ion sorption coefficient. For example, when defining the 

separation factor using Eqn (2.7) one would use the counter-ion sorption coefficient as counter-

ion transport is desired in this case.[94, 113]  

The previous examples highlight the different contexts and/or uses of the ion sorption 

coefficient. Accordingly, the mobile salt (S), co-ion (X), or counter-ion (M) ion sorption 

coefficients (for ion i) are defined as:[114]  
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𝐾𝑆,𝑖 ≡
𝐶𝑆

𝑚

𝐶𝑖
𝑠                                                             (2.8) 

𝐾𝑋,𝑖 ≡
𝐶𝑋

𝑚

𝐶𝑖
𝑠                                                             (2.9) 

𝐾𝑀,𝑖 ≡
𝐶𝑀

𝑚

𝐶𝑖
𝑠                                                           (2.10) 

where in each case the sorption coefficient is the ratio of the membrane phase ion concentration to 

the solution phase ion concentration. Figure 2.1 further illustrates the nomenclature embodied by 

Eqns (2.8) through (2.10).  

 

Figure 2. 1. Nomenclature for the ion sorption coefficients and ion concentrations for both uncharged and charged 

(ion exchange) membranes exposed to a single-electrolyte solution. Often, uncharged membranes exclude salt, and 

𝐶𝑆
𝑚 < 𝐶𝑖

𝑠.[106, 114] In charged (ion exchange) membranes, the counter-ion concentration, 𝐶𝑀
𝑚, is often greater than 

𝐶𝑖
𝑠, and co-ions generally are excluded from the membrane (i.e., 𝐶𝑋

𝑚 < 𝐶𝑖
𝑠).[106, 115] In this example the fixed 

charge group (the concentration of which is represented by 𝐶𝐴
𝑚) is taken to be monovalent, which is commonly the 

case in IEMs.[76, 94-96, 113] 
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The charged (ion exchange) membrane depicted in Figure 2.1 contains fixed charge groups 

that have charges opposite to that of the counter-ions. To maintain electroneutrality, each fixed 

charge group (𝐴) must be balanced by a counter-ion, and additionally, each co-ion must be 

balanced by a counter-ion. If the fixed charge group is monovalent, then the electroneutrality 

condition requires 𝐶𝐴
𝑚 + 𝑧𝑋𝐶𝑋

𝑚 = 𝑧𝑀𝐶𝑀
𝑚.[114, 116]  

This charge balance can be divided by the external salt solution concentration to connect 

the charge balance to the ion sorption coefficient definitions as: 

𝐾𝑀,𝑖 =
𝑧𝑋

𝑧𝑀
𝐾𝑋,𝑖 +

1

𝑧𝑀

𝐶𝐴
𝑚

𝐶𝑖
𝑠                                                (2.11) 

where 𝑧𝑋  is the co-ion valence, 𝑧𝑀  is the counter-ion valence, and 𝐶𝐴
𝑚  is the membrane fixed 

charge concentration. For a monovalent (1:1 MX type) electrolyte (e.g., NaCl where M is Na+ and 

X is Cl–), Eqn (2.11) reduces to: 

𝐾𝑀,𝑖 = 𝐾𝑋,𝑖 +
𝐶𝐴

𝑚

𝐶𝑖
𝑠                                                    (2.12) 

The relationship for other types of electrolyte (e.g., M2X) can be obtained in a similar manner from 

Eqn (2.11) by substituting the corresponding 𝑧𝑋 and 𝑧𝑀 values into the equation. 

 Theoretical models can be used, at least in principle, to calculate the value of 𝐾𝑋,𝑖 (and 

therefore 𝐾𝑀,𝑖 ) for a membrane equilibrated with a single-electrolyte solution. In perhaps the 

simplest case, the ion sorption process can be described as one where a charge is moved from one 

dielectric continuum (i.e., the external solution phase) to the membrane phase, which is also taken 

to be a dielectric continuum, and the Born model describes this relatively simple situation.[106, 

117-119] The observation of specific ion effects in ion exchange membranes suggests that 
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dispersion energy may also be important for describing sorption of ions that exhibit Hofmeister 

series behavior.[114, 119-122] Activity coefficient effects, long neglected in the analysis of ion 

sorption in polymers, are critical for accurately modeling ion sorption in hydrated polymers, and 

the Donnan-Manning model can be effective at quantitatively predicting the ion sorption properties 

of some highly swollen IEMs.[111, 112, 123, 124]  

The aforementioned models have been applied to describe single-electrolyte systems. 

Additional complications arise when considering the multi-electrolyte partitioning problem, which 

is at the core of ion separation processes.[76, 98, 105] A significant difference between ion 

partitioning in multi-electrolyte systems and single-electrolyte systems is competition between 

different counter-ions (e.g., Li+ and Mg2+) for association with the membrane fixed charge groups 

(e.g., 𝐴− or 𝑆𝑂3
− in the cation exchange membrane example shown as Figure 2.2).[125, 126] This 

competition, arising from different affinities between the counter-ions and the membrane fixed 

charge groups, can be described by an ion-exchange equilibrium constant.[116, 127]  
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Figure 2. 2. Difference in CEM ion sorption behavior between a single-electrolyte system and a multi-electrolyte 

system. In the multi-electrolyte system, both cations are present in the membrane phase, and an ion exchange 

equilibrium constant is generally used to describe the relative composition of the counter-ions associated with the 

fixed charges. 

Ion exchange equilibrium between a cation exchange membrane (CEM) and an electrolyte 

containing two cations (𝑀𝑖 and 𝑀𝑗) where 𝑀𝑖 is a monovalent cation (𝑧𝑖 = 1) and 𝑀𝑗 is a divalent 

cation (𝑧𝑗 = 2) can be described as:[127, 128] 

2(𝐴−𝑀𝑖
+) + 𝑀𝑗

2+ ⇌ 2𝑀𝑖
+ + (𝐴−)2𝑀𝑗

2+                              (2.13) 
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This equilibrium relationship can be used to define the ion exchange equilibrium constant, 𝐾𝑖𝑒𝑥, 

which is typically defined using concentrations as opposed to thermodynamic activity values, 

as:[128] 

𝐾𝑖𝑒𝑥 =
𝐶𝑗

𝑚

𝐶𝑗
𝑠 (

𝐶𝑖
𝑠

𝐶𝑖
𝑚)

2

= (
𝐶𝑗

𝑚

𝐶𝑗
𝑠 )

|𝑧𝑖|

(
𝐶𝑖

𝑠

𝐶𝑖
𝑚)

|𝑧𝑗|

                                       (2.14) 

The expression can be generalized in terms of |𝑧𝑖| and |𝑧𝑗| (as shown on the right-hand side of Eqn 

(2.14)). The value of 𝐾𝑖𝑒𝑥 can be determined experimentally,[127, 128] but values are reported, 

often for ion exchange resins prepared using chemistry that is similar to that used in many ion 

exchange membranes.[129]  

The ion exchange equilibrium constant can be expressed using dimensionless ion 

concentrations to facilitate use with ion exchange isotherms. In the solution phase, the 

dimensionless composition of counter-ion j (in a mixture of counter-ions i and j) can be written as: 

𝑥𝑗 =
|𝑧𝑗|𝐶𝑗

𝑠

|𝑧𝑗|𝐶𝑗
𝑠+|𝑧𝑖|𝐶𝑖

𝑠                                                         (2.15) 

The concentration of cations in the solution phase, in units of equivalents of charge per volume, 

can be written as: 

𝐶0 = |𝑧𝑗|𝐶𝑗
𝑠 + |𝑧𝑖|𝐶𝑖

𝑠                                                      (2.16) 

For example, in the multi-electrolyte (MiX and MjX2) system described in Figure 2.2, 𝐶0 = 2𝐶
𝑀𝑗

2+
𝑠 +

𝐶
𝑀𝑖

+
𝑠 . The corresponding dimensionless composition of counter-ion j in the membrane phase can 

be written as: 
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 𝑦𝑗 =
|𝑧𝑗|𝐶𝑗

𝑚

𝐶𝐴
𝑚                                                            (2.17) 

where the fixed charge group has been taken to be monovalent, i.e., |𝑧𝐴| = 1. The value of 𝑦𝑗 

represents the fraction of fixed charge equivalents that are associated with counter-ion j, and if 

only two counter-ions are present (i and j), then 𝑦𝑖 = 1 − 𝑦𝑗 and represents the fraction of fixed 

charge equivalents that are associated with counter-ion i. Using Eqns (2.15) through (2.17) and by 

taking counter-ion i to be a monovalent ion (i.e., |𝑧𝑖| = 1), Eqn (2.14) can be simplified by 

introducing the dimensionless concentrations:[51] 

𝐾𝑖𝑒𝑥 =
(1−𝑥𝑗)

|𝑧𝑗|
𝑦𝑗

𝑥𝑗(1−𝑦𝑗)
|𝑧𝑗|

(
𝐶0

𝐶𝐴
𝑚)

|𝑧𝑗|−1

                                              (2.18) 

If counter-ion j is a monovalent ion (i.e., |𝑧𝑗| = 1), then the value of 𝐾𝑖𝑒𝑥 does not depend 

on either the membrane fixed charge concentration, 𝐶𝐴
𝑚 , or the equivalent counter-ion 

concentration in the solution, 𝐶0.[127] However, if counter-ion j is a divalent (i.e., |𝑧𝑗| = 2) or a 

trivalent (i.e., |𝑧𝑗| = 3 ) ion, then 𝐾𝑖𝑒𝑥  is affected by the ratio of 𝐶0 𝐶𝐴
𝑚⁄ , either linearly or 

quadratically.[51] To account for this dependence, 𝐾𝑖𝑒𝑥 can be further normalized by 𝐶0 𝐶𝐴
𝑚⁄  to 

yield the dimensionless ion exchange affinity, 𝛼𝑖
𝑗
:[127] 

𝛼𝑖
𝑗

= 𝐾𝑖𝑒𝑥 (
𝐶0

𝐶𝐴
𝑚)

1−|𝑧𝑗|

=
(1−𝑥𝑗)

|𝑧𝑗|
𝑦𝑗

𝑥𝑗(1−𝑦𝑗)
|𝑧𝑗|

                                                 (2.19) 

Therefore, if the value of 𝛼𝑖
𝑗
 is known, one can calculate the dimensionless counter-ion 

composition in the membrane phase, 𝑦𝑗, given a particular solution composition, 𝑥𝑗. If the values 
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of 𝑦𝑗  and 𝑦𝑖  are known at given values of 𝑥𝑗  and 𝑥𝑖 , then the dimensionless counter-ion 

composition values can be used to calculate sorption coefficients for each counter-ion:[127] 

𝐾𝑖 =
(1−𝑦𝑗)𝐶𝐴

𝑚

(1−𝑥𝑗)𝐶0
                                                    (2.20) 

𝐾𝑗 =
𝑦𝑗𝐶𝐴

𝑚

𝑥𝑗𝐶0
                                                       (2.21) 

The ratio of these sorption coefficients can be taken to define the membrane sorption selectivity 

of counter-ion i relative to counter-ion j. 

𝐾𝑗
𝑖 ≡

𝐾𝑖

𝐾𝑗
=

𝑥𝑗(1−𝑦𝑗)

𝑦𝑗(1−𝑥𝑗)
                                               (2.22) 

The expression of 𝐾𝑗
𝑖  in Eqn (2.22) is related to the expression of 𝛼𝑖

𝑗
 in Eqn (2.19). The 

relationship between 𝐾𝑗
𝑖 and 𝛼𝑖

𝑗
 will be discussed in further detail in Section 2.3.1. 

2.2.3 Counter-Ion/Counter-Ion Diffusivity Selectivity 

 The counter-ion/counter-ion diffusivity selectivity, 𝐷𝑖
𝑚 𝐷𝑗

𝑚⁄ , represents the relative kinetic 

rates of diffusion or mobility of counter-ion i relative to counter-ion j in the membrane.[84, 94] 

Unlike ion sorption selectivity in multi-electrolyte systems, where the selectivity often is 

determined experimentally, the ion diffusivity selectivity for multi-electrolyte systems can be 

either experimentally measured or, in some cases, calculated via theory. This section describes two 

theoretical models (the theory of Mackie and Meares and free volume theory) that are used to 

calculate ion diffusion coefficients and experimental approaches to measure ion diffusivity 

properties. 

2.2.3.1 The Theory of Mackie and Meares 
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 The theory of Mackie and Meares is a statistical description of small molecule diffusion in 

a mixture of polymer and solvent.[130, 131] The theory is based on the assumption that the swollen 

membrane is a homogeneous mixture of polymer and sorbed water.[130] This mixture is 

represented on a lattice, and lattice positions occupied by polymer are considered impermeable. 

Therefore, small molecules can only diffuse by executing diffusional jumps between lattice 

positions that do not contain polymer. 

The physical implication of this treatment is that cross-membrane transport occurs through 

the volume of the swollen material that is occupied by the sorbed water. As such, the presence of 

the polymer has two effects on transport. First, the presence of the polymer reduces the effective 

cross-sectional area available for transport, and second, it increases the tortuosity.[130] Both of 

these effects lead to reduction in diffusivity.  

The Mackie and Meares model connects the membrane phase diffusion coefficient, 𝐷𝑖
𝑚, to 

that in the external solution via the volume fraction of water as: 

𝐷𝑖
𝑚

𝐷𝑖
𝑠 = (

𝜙𝑊

2−𝜙𝑊
)

2

                                                    (2.23) 

where 𝐷𝑖
𝑠 is the diffusion coefficient in bulk solution, and 𝜙𝑊, the only variable in the model, is 

the membrane water volume fraction.[130, 131] An important feature of Eqn (2.23) is that it 

ensures the diffusion coefficient in the membrane converges to the diffusion coefficient in bulk 

solution as 𝜙𝑊 approaches unity (i.e., the pure solution limit).[106] In general, the Mackie and 

Meares model is most likely to be suitable for describing diffusion in highly swollen membranes 

(𝜙𝑊 > 0.5)[112, 113] and systems with negligible ion-polymer interactions,[106] and in these 
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cases, the effects described by the Mackie and Meares model can be much greater than electrostatic 

effects. 

Applying the Mackie and Meares model for two different counter-ions, i and j, and 

assuming the volume fraction of water in the membrane, 𝜙𝑊, is independent of the presence of the 

ions, the ion diffusivity selectivity reduces to: 

𝐷𝑖
𝑚

𝐷𝑗
𝑚 =

𝐷𝑖
𝑠

𝐷𝑗
𝑠                                                       (2.24) 

This expression suggests that the membrane ion diffusivity selectivity is identical to the diffusivity 

selectivity observed in solution, i.e., the membrane provides no additional diffusivity selectivity. 

Such a condition, which might be realized for some highly swollen membranes, is often not valid 

for many electrodialysis membranes, which typically have lower water content (e.g., 𝜙𝑊  ~ 

0.3)[104] and potentially non-negligible ion-polymer interactions. Nonetheless, the ion diffusivity 

selectivity obtained from the Mackie and Meares model can be treated as a limiting value for the 

membrane ion diffusivity selectivity as it represents the limiting case where the membrane makes 

no contribution to the diffusivity selectivity. 

2.2.3.2 Free Volume Theory 

 Yasuda et al. studied NaCl transport in a series of hydrogels[132] and suggested that cross-

membrane transport can be described using a free volume-based model:[133, 134] 

𝐷𝑖
𝑚~𝑒𝑥𝑝 [−

𝑉∗

𝑉𝑓
]                                                 (2.25) 
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where 𝑉∗ is the minimum free volume size required by a penetrant, 𝑉𝑓 is the total free volume of 

the membrane. Yasuda et al. assumed that the membrane free volume was proportional to the 

hydration, 𝐻, as:[133] 

𝐻 ≡
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐻𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑃𝑜𝑙𝑦𝑚𝑒𝑟
                                             (2.26) 

𝑉𝑓 = (1 − 𝐻)𝑉𝑓,𝑃 + 𝐻𝑉𝑓,𝑊                                          (2.27) 

where (1 − 𝐻) is the mass fraction of polymer in the membrane, 𝑉𝑓,𝑃 is the polymer free volume, 

and 𝑉𝑓,𝑊 is the free volume of water. Yasuda et al. further assumed that salt alone would not 

diffusion through the non-hydrated regions (or free volume) of the polymer.[133] Therefore, the 

free volume available for salt transport, in Eqn (2.27), was taken to be 𝐻𝑉𝑓,𝑊 or 𝑉𝑓~𝐻𝑉𝑓,𝑊. Eqns 

(2.25) and (2.27) lead to a useful correlation, where 𝐻 is the only variable, for 𝐷𝑖
𝑚 𝐷𝑖

𝑠⁄ :[132] 

𝐷𝑖
𝑚

𝐷𝑖
𝑠 = 𝑒𝑥𝑝 [𝑏 (1 −

1

𝐻
)]                                           (2.28) 

and 𝑏 is an adjustable parameter related to the size of the penetrant. 

Although Yasuda’s free volume-based theory was initially applied to hydrogels, it has also 

been successfully applied to predict the penetrant diffusivity in IEMs. Xie et al. investigated the 

dependence of membrane salt diffusivity on average free volume element size for a series of 

sulfonated polysulfone membranes and found that the experimentally measured diffusivity values 

correlated, in a manner consistent with the free volume-based theory, as:[135] 

𝐷𝑖
𝑚 = 𝐴exp [−

𝛾𝑉∗

𝑉𝐹
𝐻 ]                                                           (2.29) 
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where A is a polymer related constant, 𝛾 is a correction factor to prevent double counting the free 

volume elements, and 𝑉𝐹
𝐻 is the average free volume element size in the hydrated polymer. 

The value of 𝑉∗ necessarily depends on the penetrant. For example, if NaCl is used as the 

model penetrant, the 𝑉∗ value in Eqn (2.29) can be taken as the volume for the hydrated sodium 

ion.[136] This value is used rather than the combined volume of the hydrated sodium and chloride 

ions since the former is larger than the latter (i.e., as long as a free volume element is sufficiently 

large to permit a hydrated sodium ion to execute a diffusional jump, it could also permit a hydrated 

chloride ion to execute a diffusional jump).[135] Based on Eqn (2.29), the membrane ion 

diffusivity selectivity, 𝛼𝐷(𝑖/𝑗), can be expressed as: 

𝛼𝐷(𝑖/𝑗) =
𝐷𝑖

𝑚

𝐷𝑗
𝑚 = 𝑒𝑥𝑝 [

𝛾(𝑉𝑗
∗−𝑉𝑖

∗)

𝑉𝐹
𝐻 ]                                        (2.30) 

where 𝑉∗ is appropriately defined for either counter-ion i, 𝑉𝑖
∗, or counter-ion j, 𝑉𝑗

∗. 

Use of Eqn (2.30) requires knowledge of the free volume of the hydrated polymer, 𝑉𝐹
𝐻, and 

this information can, at least in principle, be obtained from Positron Annihilation Lifetime 

Spectroscopy (PALS) measurements[135, 137-143] or molecular dynamics (MD)[144, 145] 

simulations. However, both the PALS and MD approaches have some limitations that result in a 

situation where 𝑉𝐹
𝐻  data are not always available or easily obtained for many membranes of 

interest. This situation limits, at least to some extent, the use of Eqn (2.30).  

An alternate approach is to measure the diffusivity selectivity of other molecules. For 

example, one could measure the water/salt diffusivity selectivity using measurements commonly 

made on desalination membranes.[115, 146] That information, in principle, can be used to 

calculate 𝛾 𝑉𝐹
𝐻⁄  using Eqn (2.30). This approach will be discussed in more detail in Section 2.3.2. 
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2.2.3.3 Conductivity Measurements 

 In addition to the approaches discussed previously, the membrane ion diffusivity selectivity 

can also be determined experimentally. For example, ion transport can be measured using Nuclear 

Magnetic Resonance (NMR),[147-149] neutron spin echo,[150] and/or conductivity 

measurements.[43, 59, 60, 94-96] Among these experimental techniques, membrane conductivity 

measurements regularly are used to determine ion diffusivity in ion exchange membranes. When 

migration dominates over concentration-driven transport, the ion diffusion coefficients in the 

membrane are linked to the ionic conductivity as:[116] 

𝜅 =
𝐹2

𝑅𝑇
∑ 𝑧𝑖

2𝐶𝑖
𝑚𝐷𝑖

𝑚
𝑖                                                              (2.31) 

where 𝜅 is the ionic conductivity of the membrane, F is Faraday’s constant, R is the gas constant, 

and T is the absolute temperature. For a single electrolyte system, Eqn (2.31) becomes: 

𝜅 =
𝐹2

𝑅𝑇
(𝑧𝑀

2𝐶𝑀
𝑚𝐷𝑀

𝑚 + 𝑧𝑋
2𝐶𝑋

𝑚𝐷𝑋
𝑚)                                      (2.32) 

Typically, solving for both 𝐷𝑀
𝑚  and 𝐷𝑋

𝑚  requires two measurements (typically a conductivity 

measurement and a concentration-driven permeation measurement).[113] In the concentration-

driven permeation measurement, the salt permeability is measured, and then, it is used to calculate 

the salt diffusion coefficient, which can be further deconvoluted into 𝐷𝑀
𝑚 and 𝐷𝑋

𝑚.[113] Once the 

value of 𝐷𝑀
𝑚 is known for each counter-ion (e.g., i and j), the ion diffusivity selectivity, 𝐷𝑖

𝑚 𝐷𝑗
𝑚⁄ , 

can be calculated. 

In the absence of the concentration-driven permeation measurement, an approximation can 

be used to calculate 𝐷𝑀
𝑚 using Eqn (2.32). In ion exchange membranes, due to the presence of 
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fixed charged groups in the polymer matrix, 𝐶𝑀
𝑚 is typically much greater than 𝐶𝑋

𝑚 (i.e., 𝑧𝑀𝐶𝑀
𝑚 =

𝑧𝑋𝐶𝑋
𝑚 + 𝐶𝐴

𝑚 or 𝐶𝐴
𝑚 > 𝐶𝑋

𝑚).[3, 6, 97] Consequently, the contribution of co-ion migration to the 

membrane ionic conductivity is often assumed to be negligible.[108] In other words, the co-ion 

migration term is dropped in Eqn (2.32), and 𝐷𝑀
𝑚 can be determined using a single measurement. 

This approach only works if the counter-ion transport number is sufficiently close to unity.  

This assumption can lead to an overestimation of the membrane ion diffusivity and could 

be propagated forward as error when determining the membrane ion diffusivity selectivity. 

Therefore, in the Section 2.3.3, we will discuss the importance of accounting for co-ion migration 

while determining counter-ion diffusion coefficients via conductivity measurements. Specifically, 

we will discuss the effects of solution composition and membrane physico-chemical properties on 

co-ion transport. 

 Furthermore, conductivity measurements also can be used to determine the counter-ion 

sorption selectivity of the membrane (for counter-ions i and j).[94, 116, 125] In the limit where 

the transport number is sufficiently close to unity, a single-electrolyte conductivity measurement 

can be used to measure the counter-ion diffusion coefficients for both counter-ions (i.e., 𝐷𝑖
𝑚 and 

𝐷𝑗
𝑚). Also in this limit, Eqn (2.31) can be written in terms of the two counter-ions: 

𝜅 =
𝐹2

𝑅𝑇
(𝑧𝑖

2𝐶𝑖
𝑚𝐷𝑖

𝑚 + 𝑧𝑗
2𝐶𝑗

𝑚𝐷𝑗
𝑚)                                             (2.33) 

The Nernst-Einstein relation can be used to express the ion diffusion coefficients as ionic 

mobilities:[113] 

𝑢𝑖
𝑚 =

𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖

𝑚                                                        (2.34) 
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𝜅 = 𝐶𝐴
𝑚𝐹((1 − 𝑦𝑗)𝑢𝑖

𝑚 + 𝑦𝑗𝑢𝑗
𝑚)                                            (2.35) 

where 𝑢𝑖
𝑚 is the membrane phase mobility of ion i, and (1 − 𝑦𝑗) is the dimensionless composition 

of i in the membrane (per Eqn (2.17)). Arriving at Eqn (2.33) from Eqn (2.31) requires the 

assumption that co-ion migration is negligible in the binary electrolyte system. This assumption 

commonly is used for multi-electrolyte systems,[94] since the concentration-driven permeation 

measurements are less standard for multi-electrolyte systems compared to single electrolyte 

systems. When 𝐷𝑖
𝑚  and 𝐷𝑗

𝑚  are available, 𝑢𝑖
𝑚  and 𝑢𝑗

𝑚  are calculated using Eqn (2.34), and the 

value of 𝑦𝑗 can be obtained using Eqn (2.35). This approach results in a situation where the value 

of 𝐾𝑗
𝑖 can be calculated from Eqn (2.22). Although the mathematical formula for Eqn (2.35) is 

rather simple, several underlying conditions and assumptions (e.g., solution compositions and ion-

polymer interactions) need to be understood to use Eqn (2.35) properly. Those conditions and 

assumptions will be discussed further in Section 2.3.4. 

2.3. Implications  

The current density is important when performing electric field-driven experiments to 

determine the ion separation factor. This consideration is particularly important for characterizing 

novel membranes and for operating electric field-driven processes. For example, potentiostatic 

polarization coupled with impedance spectroscopy can result in transport numbers that vary with 

current density.[151] Many electric field-driven membrane characterization experiments, however, 

are run below the limiting current density to avoid concentration polarization effects and/or other 

electrochemical phenomena that occur at elevated current densities. The ion diffusivity and 

sorption selectivity values are expected to be important at these lower current density values, and 
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the sorption selectivity is expected to remain important at higher current density values.[151] In 

this section, we discuss the implications of common assumptions and/or analysis/experimental 

routes on selectivity characterization from the perspective of both the diffusivity and sorption 

selectivity properties while recognizing that the significance of the diffusivity selectivity may be 

limited to lower current density situations.   

2.3.1 The Relationship between the Dimensionless Ion Exchange Affinity and the Counter-

Ion/Counter-Ion Sorption Selectivity 

 In Section 2.2.2, we suggest that counter-ion sorption in multi-electrolyte systems can be 

determined from ion exchange isotherms. Specifically, the dimensionless ion exchange affinity, 

𝛼𝑖
𝑗
, is interconnected to the counter-ion/counter-ion sorption selectivity, 𝐾𝑗

𝑖. Qualitatively, 𝐾𝑗
𝑖 is 

inversely related to 𝛼𝑖
𝑗

. This relationship can be realized by considering a given solution 

composition. An increase in 𝛼𝑖
𝑗
 suggests that the interactions between counter-ion j and the 

membrane fixed charge groups become more preferential compared to the interactions between 

counter-ion i and the membrane fixed charge groups.[116, 127] Consequently, counter-ion j is 

enriched in the membrane phase relative to counter-ion i, which corresponds to a decrease in 𝐾𝑗
𝑖. 

A more quantitative interpretation of the relationship between 𝐾𝑗
𝑖  and 𝛼𝑖

𝑗
, requires 

knowledge of the valence of counter-ion j. When j is a monovalent ion (i.e., |𝑧𝑗| = 1), 𝐾𝑗
𝑖 is equal 

to the reciprocal of 𝛼𝑖
𝑗
 (i.e., 𝐾𝑗

𝑖  = 1 𝛼𝑖
𝑗⁄  as can be seen by comparing Eqns (2.19) and (2.22)). 

Hence, 𝐾𝑗
𝑖 is a constant when 𝛼𝑖

𝑗
 is a constant regardless of the solution composition. When j is a 

multi-valent ion, the only difference between the reciprocal of 𝐾𝑗
𝑖 (i.e., 𝐾𝑖

𝑗
) and 𝛼𝑖

𝑗
, is the valence 
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of counter-ion j. In this case, the value of 𝐾𝑗
𝑖 varies with the solution composition when 𝛼𝑖

𝑗
≠ 1, 

which can be found by combining Eqns (2.19) and (2.22). For example, if 𝛼𝑖
𝑗

= 5 for a system 

containing divalent (j) and monovalent (i) counter-ions, then 𝐾𝑗
𝑖 would increase from 0.26 to 0.43 

when 𝑥𝑗  increases from 0.1 to 0.9. In general, when the multi-valent ions are considered, the 

counter-ion/counter-ion sorption selectivity will depend on the solution composition.  

The value of 𝛼𝑖
𝑗
 provides insight into the relationship between 𝑦𝑗 and 𝑥𝑗 (in addition to its 

relationship to the counter-ion/counter-ion sorption selectivity). Miyoshi et al. reported 𝛼𝑖
𝑗
 values 

for a series of commercial ED membranes.[127] Using this range of 𝛼𝑖
𝑗
 values, ion exchange 

isotherms were generated using Eqn. (2.19) for systems containing two monovalent counter-ions 

(Figure 2.3A) or a divalent (j) and a monovalent (i) counter-ion (Figure 2.3B). These two types of 

systems are often of interest for practical separation applications. 

 

Figure 2. 3. Ion exchange isotherms for systems containing (A) two monovalent counter-ions and (B) a divalent (j) 

and a monovalent (i) counter-ion. In both cases, counter-ion i was set as a monovalent ion, and values of 𝛼𝑖
𝑗
 values 

were chosen to span the range of values reported by Miyoshi et al.[127] 
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 When 𝛼𝑖
𝑗
 is unity (and, accordingly, 𝐾𝑗

𝑖 = 1), the dimensionless composition of counter-ion 

j in the membrane phase is identical to its composition in the solution. In other words, counter-ion 

sorption or ion exchange into the membrane phase does not result in a situation where counter-ion 

j is enriched relative to the composition in the external solution. This situation is the case regardless 

of whether the solution contains two monovalent counter-ions (Figure 2.3A) or a divalent and a 

monovalent counter-ion (Figure 2.3B). When 𝛼𝑖
𝑗
 is greater than 1 (and, accordingly, 𝐾𝑗

𝑖 < 1), the 

dimensionless composition of counter-ion j in the membrane phase is always greater than its 

concentration in the solution (i.e., counter-ion j is enriched in the membrane phase and counter-

ion i is excluded by the membrane phase). When 𝛼𝑖
𝑗
 values are sufficiently large (e.g., > 5 for a 

monovalent-monovalent ion pair or > 15 for a divalent-monovalent ion pair), the dimensionless 

composition of counter-ion j in the membrane phase becomes close to unity (i.e., 𝑦𝑗 > 0.9, the 

majority of the counter-ions in the membrane are counter-ion j) when the dimensionless 

composition of counter-ion j in the solution is greater than 0.7. This situation is often encountered 

in practical ion separation processes when the non-target ions, which often have high 𝛼𝑖
𝑗
 values, 

are the dominating species in the solution.[76, 98, 152] 

For example, in the Li+/Mg2+
 separation, the molar ratio of Li+/Mg2+ is around 0.1 in the 

external solution.[76] In that case, the dimensionless composition of Mg2+ in the solution is 𝑥𝑗 = 

0.947, and the binding affinity of Mg2+ towards sulfonate groups is greater than that of Li+,[129] 

so the majority of the counter-ions in the membrane will be Mg2+ (i.e., 𝑦𝑗 ≥ 0.947). Consequently, 

the contribution of Mg2+ to the membrane ionic conductivity will close to 100% (Eqn (2.35)). 

Although this behavior does not affect the determination of the ion sorption selectivity using ion 
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exchange experiments, it could result in challenges when determining the ion sorption selectivity 

from conductivity measurements, as discussed in Section 2.3.4. 

2.3.2 Using Free Volume Theory to Relate Measures of Diffusivity Selectivity 

 In Section 2.2.3, we suggested a free volume theory-based framework that would allow the 

membrane counter-ion/counter-ion diffusivity selectivity, 𝛼𝐷(𝑖/𝑗), to be estimated from a measure 

of the water/salt diffusivity selectivity, 𝛼𝐷(𝑊/𝑆) (or, in principle the selectivity of any two other 

small molecules). One reason to connect 𝛼𝐷(𝑖/𝑗) and 𝛼𝐷(𝑊/𝑆) is that some IEMs, and in particular 

some CEMs,[153-155] are of interest for both desalination and electric field-driven ion separation 

applications. Using two other probe molecules (e.g., water, W, and a single electrolyte, S) to 

measure diffusivity selectivity (𝛼𝐷(𝑊/𝑆) in this case) could provide insight into hydrated polymer 

free volume as: 

𝛾

𝑉𝐹
𝐻 =

𝑙𝑛(𝛼𝐷(𝑊/𝑆))

(𝑉𝑆
∗−𝑉𝑊

∗ )
                                                              (2.36) 

The ratio 𝛾 𝑉𝐹
𝐻⁄  is a characteristic of the membrane, and it could then be used in Eqn (2.30) to 

estimate the counter-ion/counter-ion diffusivity selectivity as: 

𝛼𝐷(𝑖/𝑗) = exp [𝑙𝑛(𝛼𝐷(𝑊/𝑆))
(𝑉𝑗

∗−𝑉𝑖
∗)

(𝑉𝑆
∗−𝑉𝑊

∗ )
 ]                                    (2.37) 

Figure 2.4 shows an example of this relationship where Eqn (2.37) connects transport property 

data obtained within the context of desalination membranes to that within the context of electric 

field-driven counter-ion separations. 



40 

 

 

 

Figure 2. 4. Counter-ion/counter-ion diffusivity selectivity values calculated using the water/salt diffusivity 

selectivity (Eqn (2.37)). The counter-ion j was taken as Na+, and the salt (water/salt diffusivity selectivity) was taken 

as NaCl. The range of the water/salt diffusivity selectivity values was chosen based on data reported for a series of 

sulfonated polysulfones.[135] 

 When the membrane water/salt diffusivity selectivity is 2, which is the limiting value based 

on water and NaCl diffusion coefficients in bulk solution, the counter-ion/counter-ion diffusivity 

selectivity for all of the ion pairs considered reduces to a value close to the corresponding 

diffusivity selectivity in bulk solution (Figure 2.4).[106] This free volume-based approach also 

predicts that selectivity for the smaller counter-ion relative to the bigger counter-ion increases as 

the membrane water/salt diffusivity selectivity increases. It also predicts that the diffusivity 

selectivity is greater when the size difference between the ions is greater. Both of these 
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observations are generally aligned with Cohen-Turnbull theory, which forms the basis of the free 

volume-based theory.[134]  

 As an example of this approach, the water and salt diffusion coefficients for the Neosepta 

CMX membrane are reported to be 2.5×10-6 cm2/s and 2.1×10-7 cm2/s, respectively, so 𝛼𝐷(𝑊/𝑆) =

12  for the CMX membrane.[104] According to Eqn (2.37), the values of 𝛼𝐷(𝐾+/𝑁𝑎+)  and 

𝛼𝐷(𝑀𝑔2+/𝑁𝑎+) are 1.77 and 0.147, respectively, when 𝛼𝐷(𝑊/𝑆) = 12. These values, predicted using 

Eqn (2.37), only differ by approximately 10% from the corresponding values measured using a 

conductivity technique: 𝛼𝐷(𝐾+/𝑁𝑎+) = 1.62 and 𝛼𝐷(𝑀𝑔2+/𝑁𝑎+) = 0.165.[94]  

 While Eqn (2.37) reveals a connection between a measure of diffusion selectivity, 

commonly considered for desalination membranes, and a measure of counter-ion/counter-ion 

selectivity that is useful in electric field-driven ion separation applications, the approach does have 

limitations. Eqn (2.37) suggests that desalination membranes with high 𝛼𝐷(𝑊/𝑆) values should also 

have high 𝛼𝐷(𝑖/𝑗) values. While this design criterion results directly from the theory, it may not 

tell the entire story from a practical perspective. For example, a desalination membrane with a high 

𝛼𝐷(𝑊/𝑆) value may have very low ionic conductivity due to the lack of fixed charge carriers.[12, 

13] This potential situation highlights the need to consider both the selectivity and productivity (in 

this case, ionic conductivity) properties of membranes for separation applications.  

Additionally, the approach to selecting specific values of 𝑉𝑗
∗ and 𝑉𝑖

∗ presently is not well 

defined. When free volume theory is applied to a desalination membrane, the 𝑉∗ value represents 

the minimum free volume element size for a molecule to execute a diffusional jump.[135] In 

electrodialysis, both diffusion and migration occur,[156] and this situation might suggest different 
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interpretation of the 𝑉∗ values. For the purpose of the example discussed previously, we applied 

the same interpretation of the 𝑉∗ values to the counter-ions and the water and single electrolyte 

used to obtain the desalination-based diffusivity selectivity.  While this approach appeared to be 

sufficient for connecting the two measures of diffusivity selectivity for the Neosepta CMX 

membrane, additional verification of this 𝑉∗  value analysis could be necessary for different 

membranes or ions. 

2.3.3 The Influence of Co-ion Transport on Diffusion Coefficients Determined using 

Conductivity Measurements 

 As discussed in Section 2.2.3.3, conductivity measurements can be used to measure 

counter-ion diffusivity (without the use of an additional experiment, e.g., concentration-driven 

permeation measurements) if the contribution of co-ion migration to conductivity is negligible. 

This approximation can lead to an overestimation of individual counter-ion diffusivity values, and 

if these values are used to calculate counter-ion/counter-ion diffusivity selectivity, this 

overestimation may lead to errors in the membrane ion diffusivity selectivity. This overestimation 

artifact becomes more significant when the membrane counter-ion transport number decreases and 

the fraction of the current carried by the co-ions increases. This section discusses an approach to 

estimate the extent to which neglecting co-ion transport affects the counter-ion diffusivity 

calculation. 

2.3.3.1 Theory to Support Analysis  

 The co-ion concentration in a charged ion exchange membrane, in the simplest case, is 

described by Donnan theory.[3, 9, 97, 116, 157] When an IEM is brought into equilibrium with an 

electrolyte solution, an electric potential (i.e., the Donnan potential) is established at the 
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IEM/electrolyte interface.[116, 158] This Donnan potential occurs due to the difference in the 

thermodynamic activity of the ions inside the membrane relative to their corresponding 

thermodynamic activity values in the external solution caused by the presence of fixed charge 

groups in the ion exchange membrane.[116, 158] The result of this Donnan potential is that co-

ions are excluded from sorbing into the membrane.[116, 158] 

The strength or effectiveness of Donnan exclusion increases with the absolute value of the 

Donnan potential, so co-ion sorption is suppressed to a greater extent in situations where the 

Donnan potential at the IEM/electrolyte interface is higher.[116] Next, for a given IEM/electrolyte 

system, the Donnan potential increases (and co-ion sorption decreases) with increases in the 

difference between the counter-ion activity in the membrane and that in the external solution.[116] 

The Donnan potential also decreases as the counter-ion valence increases meaning that co-ion 

sorption tends to be more significant when the multivalent counter-ions are exposed to the 

membrane.[116] At the same time, Donnan exclusion is more effective at reducing the sorption of 

multivalent co-ions.[116] Therefore, co-ion sorption (and, thus, co-ion transport) is affected by 

both solution and membrane factors. 

Donnan theory can be used to develop an expression for the co-ion sorption coefficient:[3, 

116]  

𝐾𝑋,𝑖 =
𝐶𝑋

𝑚

𝐶𝑖
𝑠 = √[

1

4
(

𝐶𝐴
𝑚

𝐶𝑖
𝑠 )

2

+ (
𝛾±

𝑠

𝛾±
𝑚)

2

]
2

−
1

2

𝐶𝐴
𝑚

𝐶𝑖
𝑠                                 (2.38) 

where 𝛾±
𝑠  is the mean ionic activity coefficient in the solution, and 𝛾±

𝑚 is the mean ionic activity 

coefficient in the membrane. The value of 𝐶𝐴
𝑚 is the fixed charge concentration of the membrane, 
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and the value of 𝛾±
𝑠  can be determined using the Pitzer model.[159-161] Determining the value of 

𝛾±
𝑚, however, is less straightforward.  

 Manning’s counter-ion condensation theory describes the thermodynamic circumstances 

that lead to a situation where counter-ions condense or un-dissociate in the material.[162] The 

theory was developed for polyelectrolytes in solution, so it assumes that the fixed charge groups 

are distributed evenly along the polymer backbone.[162] The so-called Manning parameter, 𝜉, 

defines a critical point at which counter-ion condensation occurs in the membrane:  

𝜉 =
𝜆𝐵

𝑏
=

𝑒2

4𝜋𝜀0𝜀𝑘𝑇𝑏
                                                  (2.39) 

where 𝜆𝐵 is the Bjerrum length (i.e., 𝜆𝐵 = 𝑒2 4𝜋𝜀0𝜀𝑘𝑇⁄ ), 𝑏 is the spacing between two adjacent 

charge groups on the polymer backbone, 𝑒 is the elementary charge, 𝜀0 is the permittivity of free 

space, 𝜀 is the relative dielectric permittivity (or dielectric constant) of the hydrated membrane, 

and 𝑘  is Boltzmann’s constant.[111, 162] Above the critical point (i.e., when  𝜉 > 𝜉𝑐𝑟𝑖𝑡  where 

𝜉𝑐𝑟𝑖𝑡 = 1 if the fixed charge group is monovalent), counter-ion condensation occurs such that the 

value of 𝜉 is to 𝜉𝑐𝑟𝑖𝑡.[162] Thus, this condensation process acts to reduce the fixed charge group 

concentration in the membrane (i.e., 𝐶𝐴
𝑚 decreases as a result of counter-ion condensation).[111, 

162] Recently, Kamcev et al. used Manning’s counter-ion condensation theory to calculate the 

value of 𝛾±
𝑚. Their Donnan-Manning model effectively described co-ion sorption in some highly 

swollen commercial IEMs.[111] 

 Another result of counter-ion condensation is that the counter-ions in the membrane may 

exist in one of two different forms.[113] The condensed form is the situation where the counter-

ions interact strongly with the fixed charged groups and may reduce the effective membrane fixed 
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charge concentration, and the uncondensed form is the situation where the counter-ions are 

considered to be dissociated from the fixed charged groups.[113] Condensed counter-ions may 

have unique transport behavior compared to uncondensed counter-ions. When transport is driven 

by a concentration gradient, the condensed counter-ions are assumed to be immobile since they 

are localized near the polymer backbone.[112] When the transport is driven by an electric field, 

however, these condensed counter-ions are mobile[163-166] and may have greater mobility 

compared to the uncondensed counter-ions.[113]  

2.3.3.2 Analysis for an Idealized Cation Exchange Membrane  

With that framework in mind, we return to the analysis about the extent to which neglecting 

co-ion transport affects the calculation of the counter-ion diffusion coefficient obtained using a 

single ionic conductivity measurement. To analyze this scenario, we will consider an idealized 

case where ion-polymer interactions are negligible, and the membrane is a CEM with monovalent 

fixed charge groups and uncondensed counter-ions. Therefore, we will use the theory of Mackie 

and Meares[130, 131] to describe the diffusion coefficients in the membrane relative to those in 

bulk solution. Additionally, we will calculate the membrane phase co-ion concentration, 𝐶𝑋
𝑚, using 

the Donnan-Manning model (by assuming the membrane fixed charge concentration and 

dimensionless linear charge density values were 6.21 mol/L and 1.5, respectively, which is 

representative of the Selemion CMV membrane[104]).[111] The membrane phase counter-ion 

concentration, 𝐶𝑀
𝑚 , will be calculated using the electroneutrality requirement (i.e., 𝐶𝐴

𝑚 +

|𝑧𝑋|𝐶𝑋
𝑚 = |𝑧𝑀|𝐶𝑀

𝑚 ). Using the information described above, we will define and calculate the 

minimum counter-ion transport number, 𝑡𝑀,𝑚𝑖𝑛
𝑚 , as: 
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𝑡𝑀,𝑚𝑖𝑛
𝑚  =

𝑧𝑀
2𝐶𝑀

𝑚𝐷𝑀
𝑠

𝑧𝑀
2𝐶𝑀

𝑚𝐷𝑀
𝑠 +𝑧𝑋

2𝐶𝑋
𝑚𝐷𝑋

𝑠                                              (2.40) 

Because the minimum counter-ion transport number describes the fraction of ionic current carried 

by the counter-ions, it can be used to estimate the extent to which the counter-ion diffusion 

coefficient is overestimated as a result of neglecting co-ion transport. This calculation can be done 

as: 

 𝑀𝑎𝑥. 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 𝑂𝑣𝑒𝑟𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 (%) = (
1

𝑡𝑀,𝑚𝑖𝑛
𝑚 − 1) × 100% (2.41) 

where 1 𝑡𝑀,𝑚𝑖𝑛
𝑚⁄  reflects the over-estimation (i.e., as 𝑡𝑀,𝑚𝑖𝑛

𝑚  decreases, the counter-ion diffusivity 

becomes increasingly overestimated). To highlight the effects of solution composition and 

membrane physico-chemical properties on the co-ion sorption and migration, the minimum 

counter-ion transport number and the maximum diffusivity overestimation, are plotted against 

the external salt concentration (Figure 2.5) and the fixed charge group concentration (Figure 2.6) 

used in the calculations. 
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Figure 2. 5. Minimum counter-ion transport number (calculated using Eqn (2.40)) (A) and the maximum diffusivity 

overestimation (calculated using Eqn (2.41)) (B) in a CEM presented as a function of salt solution concentration for 

different electrolytes. In those calculations, the co-ion concentration in the membrane was calculated using the 

Donnan-Manning model,[111] the solution activity was calculated using the Pitzer model,[159-161] and the 

membrane fixed charge concentration and dimensionless linear charge density values were are taken as 6.21 mol/L 

and 1.5, respectively, to be consistent with the Selemion CMV membrane.[104] 

 

Figure 2. 6. Minimum counter-ion transport number (calculated using Eqn (2.40)) (A) and the maximum diffusivity 

overestimation (calculated using Eqn (2.41)) (B) in a CEM presented as a function of fixed charge concentration for 

different electrolytes. The salt solution concentration was fixed at 0.5 M, and the other details of the calculation are 

provided in the Figure 2.5 caption. 
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The minimum counter-ion transport number (for this example that is representative of a 

Selemion CMV cation exchange membrane and all electrolytes considered) decreased by 0.2% to 

16% as the solution salt concentration increased (Figure 2.5A), and the maximum diffusivity 

overestimation increased by 0.2% to 19% as the solution salt concentration increased (Figure 2.5B). 

These results show that co-ion transport becomes more important as the solution salt concentration 

increases, and they are consistent with Donnan theory.[116] When the external salt solution 

concentration increases, the difference between the fixed charge concentration and the ion 

concentration in solution deceases. This situation leads to a reduction in the Donnan potential (and 

therefore a reduction in Donnan exclusion effectiveness). Consequently, the values of 𝐶𝑋
𝑚 (and, 

thus, 𝐾𝑋) increase, and co-ion transport becomes more significant.  

In addition to the salt solution concentration, the salt type also affects the minimum cation 

transport number and the maximum diffusivity overestimation. The effects of salt type are 

secondary, however, compared to the effects of salt solution concentration. In the following 

discussion, we will hold the salt solution concentration constant.  

When the salt type is the same (e.g., NaCl vs. KCl), the value of 𝛾±
𝑠  is the only difference 

in the Donnan-Manning model,[112] and the salt with the lower value of 𝛾±
𝑠  (i.e., KCl) will have 

lower co-ion sorption and transport compared to the salt with the greater value of 𝛾±
𝑠 . When the 

co-ion is the same in both electrolytes (e.g., NaCl and CaCl2), several factors affect co-ion sorption. 

First, the Donnan potential that results from the divalent Ca2+ ion is lower compared to the 

monovalent Na+ ion, and the lower Donnan potential directly translates into higher co-ion 

sorption.[116] Next, counter-ion condensation is more likely to occur with the divalent Ca2+ ion 
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than with the monovalent Na+ ion.[112] Counter-ion condensation reduces the Donnan potential 

and leads to an increase in co-ion sorption.[116] These two effects overpower the effect of the 

lower value of 𝛾±
𝑠  for CaCl2 compared to that of NaCl. As such, having a counter-ion with a greater 

valence will lead to greater co-ion sorption and transport. When the counter-ion is the same (e.g., 

KCl vs. K2SO4), Donnan exclusion is more effective at excluding the co-ion with the higher 

valence.[116] Additionally, the value of 𝛾±
𝑠  commonly is lower for higher valent co-ions (e.g., 

SO4
2-) compared to monovalent co-ions. As such, both activity coefficient and Donnan exclusion 

effects lead to lower co-ion sorption and transport. 

The minimum cation transport number increased by 0.2% to 16% as the fixed charge 

concentration increased (Figure 2.6A), and the maximum diffusivity overestimation decreased by 

0.2% to 19% as the fixed charge concentration increased (Figure 2.6B). Similar to the results in 

Figure 2.5, the results in Figure 2.6 are consistent with Donnan theory.[116] If the solution 

composition is held constant and counter-ion condensation behavior does not change, increasing 

the value of the fixed charge concentration leads to an increase in the Donnan potential (and, 

therefore, an enhancement in Donnan exclusion effectiveness). Consequently, the values of 𝐶𝑋
𝑚 

(and, thus, 𝐾𝑋) decrease, and the co-ion transport becomes less important. 

This analysis could inform the design of conductivity measurements for diffusivity 

selectivity calculations. The assumption of negligible co-ion transport will be most applicable 

when the solution salt concentration is moderate (e.g., ~0.5 M), the membrane fixed charge 

concentration is high (i.e., 𝐶𝐴
𝑚  > 6 mol/L), and the co-ion is chosen to be the sulfate ion. In 

situations where greater salt concentration is required, the membrane fixed charge concentration 

is low (e.g., a CR61 membrane with 𝐶𝐴
𝑚 < 3.5 mol/L), or the sulfate co-ion cannot be used, the 
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Donnan-Manning analysis should be performed to estimate influence of co-ion transport on the 

counter-ion diffusion coefficient. Preferably, the ionic conductivity measurement should be 

coupled with the concentration-driven permeation measurement to determine the diffusivity 

selectivity without the need for an assumption about the contribution of the co-ion to the ionic 

conductivity. 

2.3.4 Determining the Counter-Ion/Counter-Ion Sorption Selectivity using Conductivity 

Measurements 

 An attractive feature of conductivity measurements is that they can be used to determine 

the dimensionless composition of counter-ion j in the membrane (i.e., 𝑦𝑗 ) using Eqn (2.35). 

Coupled with Eqn (2.22), the value of 𝐾𝑗
𝑖 can be calculated. However, the applicability of Eqn 

(2.22) depends on the ion/polymer interactions and the solution compositions. 

 The linearity of Eqn (2.35) suggests that the ionic conductivity of the membrane exposed 

to a multi-electrolyte system containing two different counter-ions is bounded by the separate ionic 

conductivity values of the membrane in contact with each of the two corresponding single-

electrolyte systems. Furthermore, it suggests that the membrane ionic conductivity is expected to 

vary linearly with 𝑦𝑗  (i.e., as the counter-ion composition in the membrane changes, the 

conductivity of the membrane will change accordingly between the two limiting cases (i.e., 𝑦𝑗 =

0 and 𝑦𝑗 = 1). Arriving at this linear relationship requires an assumption that the mobility of each 

ionic species is independent of the other ionic species in a solution of interest and that the 

conductivity of this solution is the weighted average of the conductivity of each ionic species (i.e., 

an assumption that Kohlrausch’s law is valid).[167]  
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In a hydrated CEM, the value of 𝐶𝑀
𝑚 is often high (e.g., 𝐶𝑀

𝑚 > 3 mol/L), so the membrane 

cannot be treated as a dilute or ideal system. Furthermore, the presence of fixed charge groups 

prevents the ions from moving freely inside the membrane. Logette et al.[125] studied membrane 

ionic conductivity for a series of ion pairs, and found that the membrane conductivity for 

monovalent/divalent and monovalent/trivalent ion pairs deviated more from the Kohlrausch’s law 

predicted values than the conductivity for monovalent/monovalent ion pairs.  

Nevertheless, if counter-ion condensation occurs in the membrane, as discussed earlier, the 

condensed counter-ions may have a greater mobility than the uncondensed counter-ions.[113] 

Hence, if two counter-ions, i and j, have different condensation behavior, the membrane ion 

conductivity might not vary linearly with 𝑦𝑗. Therefore caution is warranted when using Eqn (2.35) 

with different multi-electrolyte systems of interest. The validity of Kohlrausch’s law for a 

particular electrolyte solution should be verified. If Eqn (2.35) does not describe the particular 

system, ion exchange experiments would be needed to obtain 𝑦𝑗 and 𝐾𝑗
𝑖. 

If Eqn (2.35) does describe the system of interest, 𝑦𝑗 can be determined by interpolation. 

The interpolation, however, requires that the difference in membrane ionic conductivity between 

the multi-electrolyte system and each single-electrolyte system is measurable. This requirement 

might not always be met in practical ion separation processes. For example, in the Li+/Mg2+
 

separation case discussed earlier,[76] the membrane counter-ions are mostly Mg2+, so the 

contribution of Mg2+, in the Li+/Mg2+
 mixture, to the membrane ion conductivity is nearly 100%. 

Consequently, it could be difficult to differentiate between the membrane ionic conductivity 

measured using the Li+/Mg2+
 solution and that measured using the pure Mg2+ salt solution, which 

would compromise this approach for characterizing 𝐾𝑗
𝑖 based on ionic conductivity measurements.  
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Eqn (2.35) may be most suitable for systems where the difference between the 

dimensionless concentrations of counter-ions i and j in the solution is not dramatic (e.g., 0.2 < 𝑥𝑗 

< 0.6), as this situation is likely to translate into a situation where the dimensionless compositions 

of counter-ions i and j in the membrane are not pushed toward the limiting values. For systems 

similar to the Li+/Mg2+
 case encountered in practical separations, an alternative method could be 

used. A model solution, where 0.2 < 𝑥𝑗 < 0.6, could be prepared for the conductivity measurements, 

and Eqn (2.35) could be applied to calculate 𝑦𝑗, which could be further translated into 𝛼𝑖
𝑗
 using 

Eqn (2.19). The 𝛼𝑖
𝑗
 value could then be used to calculate a new set of corresponding 𝑦𝑗 values at 

𝑥𝑗 values of interest, and 𝐾𝑗
𝑖 could be calculated from this set of data using Eqn (2.22). 

2.4. Summary 

In this review, definitions of the separation factor were discussed along with connections 

to the sorption and diffusivity selectivity properties of ion exchange membranes to provide insight 

into the use of IEMs in electric field-driven specific ion separation applications. The ion sorption 

selectivity can be determined from ion exchange isotherm or ionic conductivity measurements. 

When ion exchange isotherm measurements are used to determine the sorption selectivity, a 

dimensionless ion exchange affinity is used to connect the ion concentration in the membrane for 

a given solution composition and membrane fixed charge concentration. Alternatively, 

conductivity measurements can be used to determine the sorption selectivity when the counter-ion 

form of the membrane is not dominated by a single counter-ion and when ion specific interactions 

with the polymer are negligible. The diffusivity selectivity can be estimated using theory or be 

determined using ionic conductivity measurements. Free volume theory may be useful for 
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connecting membrane water/salt selectivity, which is often measured for materials that are of 

interest for desalination, and the counter-ion/counter-ion diffusivity selectivity that is critical for 

specific ion separations. The influence of co-ion transport on diffusivity measurements made via 

conductivity measurements was estimated via sample calculations to highlight situations where 

neglecting co-ion transport is inappropriate. The discussion here is most applicable to 

homogeneous ion exchange membranes, but the connections between the ion separation factor and 

the sorption and diffusivity selectivity values could form the basis for understanding a wide range 

of membranes that are of interest for electric field-driven ion separation processes. 

2.5. References 

1. M. Elimelech and W.A. Phillip, The future of seawater desalination: energy, technology, and the 

environment. science, 2011. 333(6043): p. 712-717. 

2. The water-energy nexus: Challenges and opportunities. 2014, U.S. Department of Energy. 

3. G.M. Geise, H.S. Lee, D.J. Miller, B.D. Freeman, J.E. McGrath, and D.R. Paul, Water purification 

by membranes: the role of polymer science. Journal of Polymer Science Part B: Polymer Physics, 

2010. 48(15): p. 1685-1718. 

4. R. Connor, A. Renata, C. Ortigara, E. Koncagül, S. Uhlenbrook, B.M. Lamizana-Diallo, S.M. 

Zadeh, M. Qadir, M. Kjellén, and J. Sjödin, The united nations world water development report 

2017. wastewater: The untapped resource. The United Nations World Water Development Report, 

2017. 

5. C.J. Vörösmarty, A.Y. Hoekstra, S. Bunn, D. Conway, and J. Gupta, Fresh water goes global. 

Science, 2015. 349(6247): p. 478-479. 

6. G.M. Geise, H.B. Park, A.C. Sagle, B.D. Freeman, and J.E. McGrath, Water permeability and 

water/salt selectivity tradeoff in polymers for desalination. Journal of Membrane Science, 2011. 

369(1-2): p. 130-138. 

7. R. Connor, The United Nations world water development report 2015: water for a sustainable 

world. Vol. 1. 2015: UNESCO publishing. 

8. K. Nath, Membrane separation processes. 2nd ed. 2017: PHI Learning Pvt. Ltd. 

9. R.W. Baker, Membrane technology and applications. 3rd ed. 2012, New York: Wiley. 

10. J. Kamcev and B.D. Freeman, Charged Polymer Membranes for Environmental/Energy 

Applications. Annual Review of Chemical and Biomolecular Engineering, 2016. 7(1): p. 111-133. 

11. M.A. Hickner, Ion-containing polymers: New energy & clean water. Materials Today, 2010. 13(5): 

p. 34-41. 



54 

 

 

12. A.P. Rao, N. Desai, and R. Rangarajan, Interfacially synthesized thin film composite RO 

membranes for seawater desalination. Journal of membrane science, 1997. 124(2): p. 263-272. 

13. N. Misdan, W. Lau, and A. Ismail, Seawater Reverse Osmosis (SWRO) desalination by thin-film 

composite membrane—Current development, challenges and future prospects. Desalination, 2012. 

287: p. 228-237. 

14. W. Lau, A. Ismail, N. Misdan, and M. Kassim, A recent progress in thin film composite membrane: 

a review. Desalination, 2012. 287: p. 190-199. 

15. R. Verbeke, V. Gomez, and I.F. Vankelecom, Chlorine-resistance of reverse osmosis (RO) 

polyamide membranes. Progress in Polymer Science, 2017. 72: p. 1-15. 

16. M.R. Chowdhury, J. Steffes, B.D. Huey, and J.R. McCutcheon, 3D printed polyamide membranes 

for desalination. Science, 2018. 361(6403): p. 682-686. 

17. Z. Tan, S. Chen, X. Peng, L. Zhang, and C. Gao, Polyamide membranes with nanoscale Turing 

structures for water purification. Science, 2018. 360(6388): p. 518-521. 

18. Z. Jiang, S. Karan, and A.G. Livingston, Water transport through ultrathin polyamide nanofilms 

used for reverse osmosis. Advanced Materials, 2018. 30(15): p. 1705973. 

19. W. Xie, G.M. Geise, B.D. Freeman, H.-S. Lee, G. Byun, and J.E. McGrath, Polyamide interfacial 

composite membranes prepared from m-phenylene diamine, trimesoyl chloride and a new 

disulfonated diamine. Journal of Membrane Science, 2012. 403: p. 152-161. 

20. Z. Yang, H. Guo, and C.Y. Tang, The upper bound of thin-film composite (TFC) polyamide 

membranes for desalination. Journal of Membrane Science, 2019: p. 117297. 

21. Y. Cohen, R. Semiat, and A. Rahardianto, A perspective on reverse osmosis water desalination: 

Quest for sustainability. AIChE Journal, 2017. 63(6): p. 1771-1784. 

22. K.P. Lee, T.C. Arnot, and D. Mattia, A review of reverse osmosis membrane materials for 

desalination - Development to date and future potential. Journal of Membrane Science, 2011. 370: 

p. 1-22. 

23. H. Luo, K. Chang, K. Bahati, and G.M. Geise, Functional group configuration influences salt 

transport in desalination membrane materials. Journal of Membrane Science, 2019. 590: p. 117295. 

24. H. Luo, K. Chang, K. Bahati, and G.M. Geise, Engineering Selective Desalination Membranes via 

Molecular Control of Polymer Functional Groups. Environmental Science & Technology Letters, 

2019. 6(8): p. 462-466. 

25. Y. Tanaka, ed. Ion Exchange Membranes: Fundamentals and Applications. Membrane Science 

Technology: Elsevier, Netherlands. Vol. 12. 2007, Elsevier: Amsterdam. 

26. J. Ran, L. Wu, Y. He, Z. Yang, Y. Wang, C. Jiang, L. Ge, E. Bakangura, and T. Xu, Ion exchange 

membranes: New developments and applications. Journal of Membrane Science, 2017. 522: p. 267-

291. 

27. Y. Guo, Y. Ying, Y. Mao, X. Peng, and B. Chen, Polystyrene sulfonate threaded through a metal–

organic framework membrane for fast and selective lithium‐ion separation. Angewandte Chemie 

International Edition, 2016. 55(48): p. 15120-15124. 

28. J. Song, X. Niu, X.-M. Li, and T. He, Selective separation of copper and nickel by membrane 

extraction using hydrophilic nanoporous ion-exchange barrier membranes. Process Safety and 

Environmental Protection, 2018. 113: p. 1-9. 



55 

 

 

29. D. Rall, D. Menne, A.M. Schweidtmann, J. Kamp, L. von Kolzenberg, A. Mitsos, and M. Wessling, 

Rational design of ion separation membranes. Journal of membrane science, 2019. 569: p. 209-219. 

30. Y. Zhao, Y. Li, J. Zhu, A. Lejarazu-Larrañaga, S. Yuan, E. Ortega, J. Shen, C. Gao, and B. Van 

der Bruggen, Thin and robust organic solvent cation exchange membranes for ion separation. 

Journal of Materials Chemistry A: Materials for Energy and Sustainability, 2019. 7(23): p. 13903-

13909. 

31. W. Zhang, M. Miao, J. Pan, A. Sotto, J. Shen, C. Gao, and B. Van der Bruggen, Separation of 

divalent ions from seawater concentrate to enhance the purity of coarse salt by electrodialysis with 

monovalent-selective membranes. Desalination, 2017. 411: p. 28-37. 

32. Z. Yuan, Q. Dai, L. Qiao, Y. Zhao, H. Zhang, and X. Li, Highly stable aromatic poly (ether sulfone) 

composite ion exchange membrane for vanadium flow battery. Journal of Membrane Science, 2017. 

541: p. 465-473. 

33. G.-J. Hwang, S.-W. Kim, D.-M. In, D.-Y. Lee, and C.-H. Ryu, Application of the commercial ion 

exchange membranes in the all-vanadium redox flow battery. Journal of Industrial and Engineering 

Chemistry, 2018. 60: p. 360-365. 

34. D. Chen, X. Chen, L. Ding, and X. Li, Advanced acid-base blend ion exchange membranes with 

high performance for vanadium flow battery application. Journal of Membrane Science, 2018. 553: 

p. 25-31. 

35. Y. Li, J. Sniekers, J.C. Malaquias, C. Van Goethem, K. Binnemans, J. Fransaer, and I.F. 

Vankelecom, Crosslinked anion exchange membranes prepared from poly (phenylene oxide)(PPO) 

for non-aqueous redox flow batteries. Journal of Power Sources, 2018. 378: p. 338-344. 

36. R. Xue, F. Jiang, F. Wang, and X. Zhou, Towards cost-effective proton-exchange membranes for 

redox flow batteries: A facile and innovative method. Journal of Power Sources, 2020. 449: p. 

227475. 

37. Z. Fu, J. Liu, and Q. Liu, SPEEK/PVDF/PES composite as alternative proton exchange membrane 

for vanadium redox flow batteries. Journal of Electronic Materials, 2016. 45(1): p. 666-671. 

38. L. Zhu, X. Yu, and M.A. Hickner, Exploring backbone-cation alkyl spacers for multi-cation side 

chain anion exchange membranes. Journal of Power Sources, 2018. 375: p. 433-441. 

39. J. Pan, J. Han, L. Zhu, and M.A. Hickner, Cationic side-chain attachment to poly (phenylene oxide) 

backbones for chemically stable and conductive anion exchange membranes. Chemistry of 

Materials, 2017. 29(12): p. 5321-5330. 

40. L. Liu, X. Chu, J. Liao, Y. Huang, Y. Li, Z. Ge, M.A. Hickner, and N. Li, Tuning the properties of 

poly (2, 6-dimethyl-1, 4-phenylene oxide) anion exchange membranes and their performance in H 

2/O 2 fuel cells. Energy & Environmental Science, 2018. 11(2): p. 435-446. 

41. L. Zhu, J. Pan, Y. Wang, J. Han, L. Zhuang, and M.A. Hickner, Multication side chain anion 

exchange membranes. Macromolecules, 2016. 49(3): p. 815-824. 

42. R.S. Kingsbury, K. Chu, and O. Coronell, Energy storage by reversible electrodialysis: The 

concentration battery. Journal of Membrane Science, 2015. 495: p. 502-516. 

43. P.M. McCormack, H. Luo, G.M. Geise, and G.M. Koenig Jr, Conductivity, permeability, and 

stability properties of chemically tailored poly (phenylene oxide) membranes for Li+ conductive 

non-aqueous redox flow battery separators. Journal of Power Sources, 2020. 460: p. 228107. 



56 

 

 

44. H.-J. Lee, F. Sarfert, H. Strathmann, and S.-H. Moon, Designing of an electrodialysis desalination 

plant. Desalination, 2002. 142(3): p. 267-286. 

45. H.-J. Lee, H. Strathmann, and S.-H. Moon, Determination of the limiting current density in 

electrodialysis desalination as an empirical function of linear velocity. Desalination, 2006. 190(1-

3): p. 43-50. 

46. M. Sadrzadeh and T. Mohammadi, Sea water desalination using electrodialysis. Desalination, 2008. 

221(1-3): p. 440-447. 

47. S. Adhikary, U. Tipnis, W. Harkare, and K. Govindan, Defluoridation during desalination of 

brackish water by electrodialysis. Desalination, 1989. 71(3): p. 301-312. 

48. H. AlMadani, Water desalination by solar powered electrodialysis process. Renewable Energy, 

2003. 28(12): p. 1915-1924. 

49. R.K. McGovern, A.M. Weiner, L. Sun, C.G. Chambers, and S.M. Zubair, On the cost of 

electrodialysis for the desalination of high salinity feeds. Applied Energy, 2014. 136: p. 649-661. 

50. M. Turek, Cost effective electrodialytic seawater desalination. Desalination, 2003. 153(1-3): p. 

371-376. 

51. B. Van der Bruggen, A. Koninckx, and C. Vandecasteele, Separation of monovalent and divalent 

ions from aqueous solution by electrodialysis and nanofiltration. Water research, 2004. 38(5): p. 

1347-1353. 

52. T. Mohammadi, A. Moheb, M. Sadrzadeh, and A. Razmi, Modeling of metal ion removal from 

wastewater by electrodialysis. Separation and Purification Technology, 2005. 41(1): p. 73-82. 

53. T. Mohammadi, A. Moheb, M. Sadrzadeh, and A. Razmi, Separation of copper ions by 

electrodialysis using Taguchi experimental design. Desalination, 2004. 169(1): p. 21-31. 

54. T. Xu and C. Huang, Electrodialysis‐based separation technologies: a critical review. AIChE 

journal, 2008. 54(12): p. 3147-3159. 

55. Y. Zhang, S. Paepen, L. Pinoy, B. Meesschaert, and B. Van der Bruggen, Selectrodialysis: 

Fractionation of divalent ions from monovalent ions in a novel electrodialysis stack. Separation 

and Purification Technology, 2012. 88: p. 191-201. 

56. T. Sata, Studies on anion exchange membranes having permselectivity for specific anions in 

electrodialysis—effect of hydrophilicity of anion exchange membranes on permselectivity of 

anions. Journal of Membrane Science, 2000. 167(1): p. 1-31. 

57. T. Sata, T. Sata, and W. Yang, Studies on cation-exchange membranes having permselectivity 

between cations in electrodialysis. Journal of Membrane Science, 2002. 206(1-2): p. 31-60. 

58. S.U. Hong, R. Malaisamy, and M.L. Bruening, Optimization of flux and selectivity in Cl−/SO4  
2− 

separations with multilayer polyelectrolyte membranes. Journal of Membrane Science, 2006. 

283(1–2): p. 366-372. 

59. C. Cheng, A. Yaroshchuk, and M.L. Bruening, Fundamentals of selective ion transport through 

multilayer polyelectrolyte membranes. Langmuir, 2013. 29(6): p. 1885-1892. 

60. C. Cheng, N. White, H. Shi, M. Robson, and M.L. Bruening, Cation separations in electrodialysis 

through membranes coated with polyelectrolyte multilayers. Polymer, 2014. 55(6): p. 1397-1403. 



57 

 

 

61. C. Sheng, S. Wijeratne, C. Cheng, G.L. Baker, and M.L. Bruening, Facilitated ion transport through 

polyelectrolyte multilayer films containing metal-binding ligands. Journal of Membrane Science, 

2014. 459: p. 169-176. 

62. N. White, M. Misovich, A. Yaroshchuk, and M.L. Bruening, Coating of Nafion membranes with 

polyelectrolyte multilayers to achieve high monovalent/divalent cation electrodialysis selectivities. 

ACS Applied Materials & Interfaces, 2015. 7(12): p. 6620-6628. 

63. Y. Zhu, M. Ahmad, L. Yang, M. Misovich, A. Yaroshchuk, and M.L. Bruening, Adsorption of 

polyelectrolyte multilayers imparts high monovalent/divalent cation selectivity to aliphatic 

polyamide cation-exchange membranes. Journal of Membrane Science, 2017. 537: p. 177-185. 

64. L. Yang, C. Tang, M. Ahmad, A. Yaroshchuk, and M.L. Bruening, High selectivities among 

monovalent cations in dialysis through cation-exchange membranes coated with polyelectrolyte 

multilayers. ACS Applied Materials & Interfaces, 2018. 10(50): p. 44134-44143. 

65. M. Ahmad, C. Tang, L. Yang, A. Yaroshchuk, and M.L. Bruening, Layer-by-layer modification of 

aliphatic polyamide anion-exchange membranes to increase Cl−/SO4
2− selectivity. Journal of 

Membrane Science, 2019. 578: p. 209-219. 

66. Y. Ji, H. Luo, and G.M. Geise, Effects of fixed charge group physicochemistry on anion exchange 

membrane permselectivity and ion transport. Physical Chemistry Chemical Physics, 2020. 22(14): 

p. 7283-7293. 

67. R.D. Cusick, Y. Kim, and B.E. Logan, Energy capture from thermolytic solutions in microbial 

reverse-electrodialysis cells. Science, 2012. 335(6075): p. 1474-1477. 

68. Y. Kim and B.E. Logan, Hydrogen production from inexhaustible supplies of fresh and salt water 

using microbial reverse-electrodialysis electrolysis cells. Proceedings of the National Academy of 

Sciences, 2011. 108(39): p. 16176-16181. 

69. X. Luo, J.-Y. Nam, F. Zhang, X. Zhang, P. Liang, X. Huang, and B.E. Logan, Optimization of 

membrane stack configuration for efficient hydrogen production in microbial reverse-

electrodialysis electrolysis cells coupled with thermolytic solutions. Bioresource technology, 2013. 

140: p. 399-405. 

70. G.M. Geise, A.J. Curtis, M.C. Hatzell, M.A. Hickner, and B.E. Logan, Salt concentration 

differences alter membrane resistance in reverse electrodialysis stacks. Environmental Science & 

Technology Letters, 2014. 1(1): p. 36-39. 

71. J.W. Post, J. Veerman, H.V. Hamelers, G.J. Euverink, S.J. Metz, K. Nymeijer, and C.J. Buisman, 

Salinity-gradient power: Evaluation of pressure-retarded osmosis and reverse electrodialysis. 

Journal of membrane science, 2007. 288(1-2): p. 218-230. 

72. R. Lacey, Energy by reverse electrodialysis. Ocean engineering, 1980. 7: p. 1-47. 

73. Y. Mei and C.Y. Tang, Recent developments and future perspectives of reverse electrodialysis 

technology: A review. Desalination, 2018. 425: p. 156-174. 

74. R.A. Tufa, S. Pawlowski, J. Veerman, K. Bouzek, E. Fontananova, G. di Profio, S. Velizarov, J.G. 

Crespo, K. Nijmeijer, and E. Curcio, Progress and prospects in reverse electrodialysis for salinity 

gradient energy conversion and storage. Applied energy, 2018. 225: p. 290-331. 

75. M. Demircioglu, N. Kabay, I. Kurucaovali, and E. Ersoz, Demineralization by electrodialysis 

(ED)—separation performance and cost comparison for monovalent salts. Desalination, 2003. 

153(1-3): p. 329-333. 



58 

 

 

76. X.-Y. Nie, S.-Y. Sun, Z. Sun, X. Song, and J.-G. Yu, Ion-fractionation of lithium ions from 

magnesium ions by electrodialysis using monovalent selective ion-exchange membranes. 

Desalination, 2017. 403: p. 128-135. 

77. Z. Zhao, G. Liu, H. Jia, and L. He, Sandwiched liquid-membrane electrodialysis: Lithium selective 

recovery from salt lake brines with high Mg/Li ratio. Journal of Membrane Science, 2020. 596: p. 

117685. 

78. Z.-y. Ji, Q.-b. Chen, J.-s. Yuan, J. Liu, Y.-y. Zhao, and W.-x. Feng, Preliminary study on recovering 

lithium from high Mg2+/Li+ ratio brines by electrodialysis. Separation and Purification 

Technology, 2017. 172: p. 168-177. 

79. X.-Y. Nie, S.-Y. Sun, X. Song, and J.-G. Yu, Further investigation into lithium recovery from salt 

lake brines with different feed characteristics by electrodialysis. Journal of Membrane Science, 

2017. 530: p. 185-191. 

80. S. Massari and M. Ruberti, Rare earth elements as critical raw materials: Focus on international 

markets and future strategies. Resources Policy, 2013. 38(1): p. 36-43. 

81. L. Chen, Y. Wu, H. Dong, M. Meng, C. Li, Y. Yan, and J. Chen, An overview on membrane 

strategies for rare earths extraction and separation. Separation and Purification Technology, 2018. 

197: p. 70-85. 

82. K. Binnemans, P.T. Jones, B. Blanpain, T. Van Gerven, Y. Yang, A. Walton, and M. Buchert, 

Recycling of rare earths: a critical review. Journal of Cleaner Production, 2013. 51: p. 1-22. 

83. T. Luo, S. Abdu, and M. Wessling, Selectivity of ion exchange membranes: A review. Journal of 

membrane science, 2018. 555: p. 429-454. 

84. G.M. Geise, Experimental characterization of polymeric membranes for selective ion transport. 

Current Opinion in Chemical Engineering, 2020. 28: p. 36-42. 

85. L. Cseri, J. Baugh, A. Alabi, A. AlHajaj, L. Zou, R.A. Dryfe, P.M. Budd, and G. Szekely, Graphene 

oxide–polybenzimidazolium nanocomposite anion exchange membranes for electrodialysis. 

Journal of Materials Chemistry A, 2018. 6(48): p. 24728-24739. 

86. S. Hosseini, E. Jashni, M. Habibi, and B. Van der Bruggen, Fabrication of novel electrodialysis 

heterogeneous ion exchange membranes by incorporating PANI/GO functionalized composite 

nanoplates. Ionics, 2018. 24(6): p. 1789-1801. 

87. N. White, M. Misovich, E. Alemayehu, A. Yaroshchuk, and M.L. Bruening, Highly selective 

separations of multivalent and monovalent cations in electrodialysis through Nafion membranes 

coated with polyelectrolyte multilayers. Polymer, 2016. 103: p. 478-485. 

88. S. Mulyati, R. Takagi, A. Fujii, Y. Ohmukai, and H. Matsuyama, Simultaneous improvement of 

the monovalent anion selectivity and antifouling properties of an anion exchange membrane in an 

electrodialysis process, using polyelectrolyte multilayer deposition. Journal of membrane science, 

2013. 431: p. 113-120. 

89. R. Femmer, A. Mani, and M. Wessling, Ion transport through electrolyte/polyelectrolyte multi-

layers. Scientific reports, 2015. 5: p. 11583. 

90. V. Izumrudov and S.A. Sukhishvili, Ionization-controlled stability of polyelectrolyte multilayers 

in salt solutions. Langmuir, 2003. 19(13): p. 5188-5191. 



59 

 

 

91. N.J. Fredin, J. Zhang, and D.M. Lynn, Nanometer-scale decomposition of ultrathin multilayered 

polyelectrolyte films. Langmuir, 2007. 23(5): p. 2273-2276. 

92. H.B. Park, J. Kamcev, L.M. Robeson, M. Elimelech, and B.D. Freeman, Maximizing the right stuff: 

The trade-off between membrane permeability and selectivity. Science, 2017. 356(6343): p. 

eaab0530. 

93. J.R. Werber, A. Deshmukh, and M. Elimelech, The critical need for increased selectivity, not 

increased water permeability, for desalination membranes. Environmental Science & Technology 

Letters, 2016. 3(4): p. 112-120. 

94. T. Luo, F. Roghmans, and M. Wessling, Ion mobility and partition determine the counter-ion 

selectivity of ion exchange membranes. Journal of Membrane Science, 2020. 597: p. 117645. 

95. G. Saracco and M.C. Zanetti, Ion transport through monovalent-anion-permselective membranes. 

Industrial & Engineering Chemistry Research, 1994. 33(1): p. 96-101. 

96. G. Saracco, Transport properties of monovalent-ion-permselective membranes. Chemical 

Engineering Science, 1997. 52(17): p. 3019-3031. 

97. G.M. Geise, D.R. Paul, and B.D. Freeman, Fundamental water and salt transport properties of 

polymeric materials. Progress in Polymer Science, 2014. 39(1): p. 1-42. 

98. X. Wen, P. Ma, C. Zhu, Q. He, and X. Deng, Preliminary study on recovering lithium chloride from 

lithium-containing waters by nanofiltration. Separation and Purification Technology, 2006. 49(3): 

p. 230-236. 

99. Y. Zhao, Y. Li, S. Yuan, J. Zhu, S. Houtmeyers, J. Li, R. Dewil, C. Gao, and B. Van der Bruggen, 

A chemically assembled anion exchange membrane surface for monovalent anion selectivity and 

fouling reduction. Journal of materials chemistry A, 2019. 7(11): p. 6348-6356. 

100. Y. Zhao, Y. Liu, C. Wang, E. Ortega, X. Wang, Y.F. Xie, J. Shen, C. Gao, and B. Van der Bruggen, 

Electric field-based ionic control of selective separation layers. Journal of Materials Chemistry A, 

2020. 8(8): p. 4244-4251. 

101. R.W. Baker, J. Wijmans, and Y. Huang, Permeability, permeance and selectivity: A preferred way 

of reporting pervaporation performance data. Journal of Membrane Science, 2010. 348(1-2): p. 

346-352. 

102. D.R. Paul, Reformulation of the solution-diffusion theory of reverse osmosis. Journal of membrane 

science, 2004. 241(2): p. 371-386. 

103. J.G. Wijmans and R.W. Baker, The solution-diffusion model: a review. Journal of Membrane 

Science, 1995. 107(1): p. 1-21. 

104. R.S. Kingsbury, K. Bruning, S. Zhu, S. Flotron, C. Miller, O.J.I. Coronell, and E.C. Research, 

Influence of water uptake, charge, Manning parameter, and contact angle on water and salt transport 

in commercial ion exchange membranes. Industrial & Engineering Chemistry Research, 2019. 

58(40): p. 18663-18674. 

105. J. Liu, J. Yuan, Z. Ji, B. Wang, Y. Hao, and X. Guo, Concentrating brine from seawater desalination 

process by nanofiltration–electrodialysis integrated membrane technology. Desalination, 2016. 390: 

p. 53-61. 

106. H. Zhang and G.M. Geise, Modeling the water permeability and water/salt selectivity tradeoff in 

polymer membranes. Journal of Membrane Science, 2016. 520: p. 790-800. 



60 

 

 

107. R.B. Bird, Transport phenomena. Appl. Mech. Rev., 2002. 55(1): p. R1-R4. 

108. V.V. Nikonenko, N.D. Pismenskaya, E.I. Belova, P. Sistat, P. Huguet, G. Pourcelly, and C. Larchet, 

Intensive current transfer in membrane systems: Modelling, mechanisms and application in 

electrodialysis. Advances in Colloid and Interface Science, 2010. 160(1-2): p. 101-123. 

109. Y. Kim, W.S. Walker, and D.F. Lawler, Competitive separation of di-vs. mono-valent cations in 

electrodialysis: Effects of the boundary layer properties. Water Research, 2012. 46(7): p. 2042-

2056. 

110. G.M. Geise, L.P. Falcon, B.D. Freeman, and D.R. Paul, Sodium chloride sorption in sulfonated 

polymers for membrane applications. Journal of Membrane Science, 2012. 423-424: p. 195-208. 

111. J. Kamcev, M. Galizia, F.M. Benedetti, E.-S. Jang, D.R. Paul, B.D. Freeman, and G.S. Manning, 

Partitioning of mobile ions between ion exchange polymers and aqueous salt solutions: importance 

of counter-ion condensation. Physical Chemistry Chemical Physics, 2016. 18(8): p. 6021-6031. 

112. J. Kamcev, D.R. Paul, G.S. Manning, and B.D. Freeman, Predicting salt permeability coefficients 

in highly swollen, highly charged ion exchange membranes. ACS Applied Materials & Interfaces, 

2017. 9(4): p. 4044-4056. 

113. J. Kamcev, D.R. Paul, G.S. Manning, and B.D. Freeman, Ion diffusion coefficients in ion exchange 

membranes: significance of counterion condensation. Macromolecules, 2018. 51(15): p. 5519-5529. 

114. Y. Ji, H. Luo, and G.M. Geise, Specific co-ion sorption and diffusion properties influence 

membrane permselectivity. Journal of Membrane Science, 2018. 563: p. 492-504. 

115. H. Luo, J. Aboki, Y. Ji, R. Guo, and G.M. Geise, Water and salt transport properties of triptycene-

containing sulfonated polysulfone materials for desalination membrane applications. ACS Applied 

Materials & Interfaces, 2018. 10(4): p. 4102-4112. 

116. F.G. Helfferich, Ion exchange. 1995, New York: Dover Publications. 

117. A.E. Yaroshchuk, Non-steric mechanisms of nanofiltration: Superposition of Donnan and dielectric 

exclusion. Separation and Purification Technology, 2001. 22-23(0): p. 143-158. 

118. A. Yaroshchuk, Dielectric exclusion of ions from membranes. Advances in Colloid and Interface 

Science, 2000. 85: p. 193-230. 

119. M. Boström and B.W. Ninham, Energy of an ion crossing a low dielectric membrane: the role of 

dispersion self-free energy. Biophysical Chemistry, 2005. 114(2–3): p. 95-101. 

120. G.M. Geise, H.J. Cassady, D.R. Paul, B.E. Logan, and M.A. Hickner, Specific ion effects on 

membrane potential and the permselectivity of ion exchange membranes. Physical Chemistry 

Chemical Physics, 2014. 16(39): p. 21673-21681. 

121. A. Salis and B.W. Ninham, Models and mechanisms of Hofmeister effects in electrolyte solutions, 

and colloid and protein systems revisited. Chemical Society Reviews, 2014. 43(21): p. 7358-7377. 

122. T.T. Duignan, D.F. Parsons, and B.W. Ninham, A Continuum Solvent Model of the Multipolar 

Dispersion Solvation Energy. Journal of Physical Chemistry B, 2013. 117(32): p. 9412-9420. 

123. R.S. Kingsbury, J. Wang, and O. Coronell, Comparison of water and salt transport properties of 

ion exchange, reverse osmosis, and nanofiltration membranes for desalination and energy 

applications. Journal of Membrane Science, 2020. 604: p. 117998. 

124. R.S. Kingsbury, K. Bruning, S. Zhu, S. Flotron, C.T. Miller, and O. Coronell, Influence of Water 

Uptake, Charge, Manning Parameter, and Contact Angle on Water and Salt Transport in 



61 

 

 

Commercial Ion Exchange Membranes. Industrial & Engineering Chemistry Research, 2019. 

58(40): p. 18663-18674. 

125. S. Logette, C. Eysseric, G. Pourcelly, A. Lindheimer, and C. Gavach, Selective permeability of a 

perfluorosulphonic membrane to different valency cations. Ion-exchange isotherms and kinetic 

aspects. Journal of membrane science, 1998. 144(1-2): p. 259-274. 

126. A. Chapotot, G. Pourcelly, and C. Gavach, Transport competition between monovalent and divalent 

cations through cation-exchange membranes. Exchange isotherms and kinetic concepts. Journal of 

membrane science, 1994. 96(3): p. 167-181. 

127. H. Miyoshi, M. Chubachi, M. Yamagami, and T. Kataoka, Characteristic coefficients for 

equilibrium between solution and Neosepta or Selemion cation exchange membranes. Journal of 

Chemical & Engineering Data, 1992. 37(1): p. 120-124. 

128. J.D. Seader, E.J. Henley, and D.K. Roper, Separation process principles: Chemical and 

biochemical operations. 3rd ed. 2011, Hoboken: John Wiley & Sons, Inc. 

129. R.E. Anderson, Ion-Exchange Separations, in Handbook of Separation Techniques for Chemical 

Engineers, P.A. Schweitzer, Editor. 1997, McGraw-Hill: New York. 

130. J. Mackie and P. Meares, The diffusion of electrolytes in a cation-exchange resin membrane I. 

Theoretical. Proceedings of the Royal Society of London. Series A. Mathematical Physical 

Sciences, 1955. 232(1191): p. 498-509. 

131. J. Mackie and P. Meares, The diffusion of electrolytes in a cation-exchange resin membrane. II. 

Experimental. Proceedings of the Royal Society of London. Series A. Mathematical Physical 

Sciences, 1955. 232(1191): p. 510-518. 

132. H. Yasuda, C. Lamaze, and L. Ikenberry, Permeability of solutes through hydrated polymer 

membranes. Part I. Diffusion of sodium chloride. Die Makromolekulare Chemie, 1968. 118(1): p. 

19-35. 

133. H. Yasuda, C. Lamaze, and A. Peterlin, Diffusive and hydraulic permeabilities of water in water‐

swollen polymer membranes. Journal of Polymer Science:  Part A-2, 1971. 9(6): p. 1117-1131. 

134. D. Turnbull and M.H. Cohen, Free‐volume model of the amorphous phase: glass transition. Journal 

of Chemical Physics, 1961. 34(1): p. 120-125. 

135. W. Xie, H. Ju, G.M. Geise, B.D. Freeman, J.I. Mardel, A.J. Hill, and J.E. McGrath, Effect of free 

volume on water and salt transport properties in directly copolymerized disulfonated poly (arylene 

ether sulfone) random copolymers. Macromolecules, 2011. 44(11): p. 4428-4438. 

136. H. Ohtaki and T. Radnai, Structure and dynamics of hydrated ions. Chemical Reviews, 1993. 93(3): 

p. 1157-1204. 

137. G. Dlubek, V. Bondarenko, J. Pionteck, M. Supej, A. Wutzler, and R. Krause-Rehberg, Free 

volume in two differently plasticized poly(vinyl chloride)s: A positron lifetime and PVT study. 

Polymer, 2003. 44(6): p. 1921-1926. 

138. A.J. Hill, B.D. Freeman, M. Jaffe, T.C. Merkel, and I. Pinnau, Tailoring nanospace. Journal of 

Molecular Structure, 2005. 739: p. 173-178. 

139. R.A. Pethrick, Positron annihilation - A probe for nanoscale voids and free volume? Progress in 

Polymer Science, 1997. 22: p. 1-47. 



62 

 

 

140. Y.C. Jean, P.E. Mallon, and D.M. Schrader, eds. Principles and applications of positron & 

positronium chemistry. 2003, World Scientific Publishing Co.: London. 

141. A.W. Dong, C. Pascual-Izarra, S.J. Pas, A.J. Hill, B.J. Boyd, and C.J. Drummond, Positron 

annihilation lifetime spectroscopy (PALS) as a characterization technique for nanostructured self-

assembled amphiphile systems. Journal of Physical Chemistry B, 2008. 113(1): p. 84-91. 

142. Y. Kobayashi, H.F.M. Mohamed, and A. Ohira, Positronium formation in aromatic polymer 

electrolytes for fuel cells. Journal of Physical Chemistry B Letters, 2009. 113: p. 5698–5701. 

143. Y.C. Jean, J.D. Van Horn, W.-S. Hung, and K.-R. Lee, Perspective of positron annihilation 

spectroscopy in polymers. Macromolecules, 2013. 46(18): p. 7133-7145. 

144. D. Rigby and R. Roe, Molecular dynamics simulation of polymer liquid and glass. 4. Free-volume 

distribution. Macromolecules, 1990. 23(26): p. 5312-5319. 

145. M. Shen, S. Keten, and R.M. Lueptow, Dynamics of water and solute transport in polymeric reverse 

osmosis membranes via molecular dynamics simulations. Journal of Membrane Science, 2016. 506: 

p. 95-108. 

146. W. Xie, J. Cook, H.B. Park, B.D. Freeman, C.H. Lee, and J.E. McGrath, Fundamental salt and 

water transport properties in directly copolymerized disulfonated poly (arylene ether sulfone) 

random copolymers. Polymer, 2011. 52(9): p. 2032-2043. 

147. T. Ogino, J. Den Hollander, and R. Shulman, 39K, 23Na, and 31P NMR studies of ion transport in 

Saccharomyces cerevisiae. Proceedings of the National Academy of Sciences, 1983. 80(17): p. 

5185-5189. 

148. H. Degani and G.A. Elgavish, Ionic permeabilities of membranes: 23Na and 7Li NMR studies of 

ion transport across the membrane of phosphatidylcholine vesicles. FEBS letters, 1978. 90(2): p. 

357-360. 

149. T. Ogino, G. Shulman, M. Avison, S. Gullans, J. Den Hollander, and R. Shulman, 23Na and 39K 

NMR studies of ion transport in human erythrocytes. Proceedings of the National Academy of 

Sciences, 1985. 82(4): p. 1099-1103. 

150. C. Do, P. Lunkenheimer, D. Diddens, M. Götz, M. Weiß, A. Loidl, X.-G. Sun, J. Allgaier, and M. 

Ohl, Li+ transport in poly (ethylene oxide) based electrolytes: neutron scattering, dielectric 

spectroscopy, and molecular dynamics simulations. Physical review letters, 2013. 111(1): p. 

018301. 

151. J.T. Vardner, T. Ling, S.T. Russell, A.M. Perakis, Y. He, N.W. Brady, S.K. Kumar, and A.C. West, 

Method of measuring salt transference numbers in ion-selective membranes. Journal of The 

Electrochemical Society, 2017. 164(13): p. A2940. 

152. A. Somrani, A. Hamzaoui, and M. Pontie, Study on lithium separation from salt lake brines by 

nanofiltration (NF) and low pressure reverse osmosis (LPRO). Desalination, 2013. 317: p. 184-192. 

153. W. Xie, H.-B. Park, J. Cook, C.H. Lee, G. Byun, B.D. Freeman, and J.E. McGrath, Advances in 

membrane materials: desalination membranes based on directly copolymerized disulfonated poly 

(arylene ether sulfone) random copolymers. Water Science and Technology, 2010. 61(3): p. 619-

624. 

154. H.B. Park, B.D. Freeman, Z.B. Zhang, M. Sankir, and J.E. McGrath, Highly chlorine‐tolerant 

polymers for desalination. Angewandte Chemie International Edition, 2008. 47(32): p. 6019-6024. 



63 

 

 

155. J. Balster, O. Krupenko, I. Pünt, D. Stamatialis, and M. Wessling, Preparation and characterisation 

of monovalent ion selective cation exchange membranes based on sulphonated poly (ether ether 

ketone). Journal of membrane science, 2005. 263(1-2): p. 137-145. 

156. Y. Tanaka, Concentration polarization in ion-exchange membrane electrodialysis—the events 

arising in a flowing solution in a desalting cell. Journal of Membrane Science, 2003. 216(1-2): p. 

149-164. 

157. F.G. Donnan, The theory of membrane equilibria. Chemical reviews, 1924. 1(1): p. 73-90. 

158. T. Sata, ed. Ion exchange membranes: Preparation, characterization, modification and application. 

2004, The Royal Society of Chemistry: Cambridge. 308. 

159. K.S. Pitzer, Thermodynamics of electrolytes. I. Theoretical basis and general equations. Journal of 

Physical Chemistry, 1973. 77(2): p. 268-277. 

160. K.S. Pitzer and G. Mayorga, Thermodynamics of electrolytes. II. Activity and osmotic coefficients 

for strong electrolytes with one or both ions univalent. Journal of Physical Chemistry, 1973. 77(19): 

p. 2300-2308. 

161. K.S. Pitzer and G. Mayorga, Thermodynamics of electrolytes. III. Activity and osmotic coefficients 

for 2–2 electrolytes. Journal of Solution Chemistry, 1974. 3(7): p. 539-546. 

162. G.S. Manning, Limiting laws and counterion condensation in polyelectrolyte solutions II. Self‐

diffusion of the small ions. Journal of Chemical Physics, 1969. 51(3): p. 934-938. 

163. G.S. Manning, Polyelectrolytes. Annual review of physical chemistry, 1972. 23(1): p. 117-140. 

164. G.S. Manning, Counterion binding in polyelectrolyte theory. Accounts of Chemical Research, 1979. 

12(12): p. 443-449. 

165. R. Netz, Polyelectrolytes in electric fields. Journal of Physical Chemistry B, 2003. 107(32): p. 

8208-8217. 

166. F. Bordi, C. Cametti, and R.H. Colby, Dielectric spectroscopy and conductivity of polyelectrolyte 

solutions. Journal of Physics: Condensed Matter, 2004. 16(49): p. R1423. 

167. P.W. Atkins, J. de Paula, and J. Keeler, Atkins' Physical Chemistry. 11th ed. 2018, Oxford: Oxford 

University Press. 



64 

 

Chapter 3: Water and salt transport properties of triptycene-containing sulfonated 

polysulfone materials for desalination membrane applications2 

3.1. Introduction 

 Freshwater is a critical resource for human life, and it plays a key role in economic and 

societal development.[1-6] However, global population growth continues to amplify stress on 

existing freshwater supplies, and water scarcity increasingly is becoming a worldwide problem.[4, 

7-10] According to the United Nations, more than one-third of the world’s population is suffering 

from either physical water scarcity or economic water shortage.[1, 2, 4] Numerous efforts are 

focused on increasing global freshwater supply, and wastewater treatment[11-13] and desalination 

of saline water[2, 4, 12, 14] are among the most common approaches. Wastewater treatment 

focuses on the removal of contaminants using physical and/or chemical treatment (e.g., filtration, 

adsorption, flocculation, and photocatalytic degradation),[11-13, 15] and desalination aims to 

produce freshwater by separating salt and water (e.g., using distillation,[16, 17] electrodialysis,[18, 

19] reverse osmosis,[20-24] or solar evaporation[25]). Membrane-based processes are used in both 

wastewater treatment and desalination processes. Due to generally high energy efficiency and low 

cost, membrane-based desalination processes are widely used to desalinate water, and membrane-

based desalination processes are expected to continue to play a key role in the desalination industry 

in the future.[2, 4, 12, 14] 

 Current state-of-the-art desalination membranes are based on polyamide chemistry that 

was introduced in the early 1980s.[21, 26] These membranes possess favorable combinations of 

water and salt transport properties and are very efficient.[14, 27] The polyamide linkages in these 

 
2This chapter is already published and available from: Luo, H., Aboki, J., Ji, Y., Guo, R., & Geise, G. M. (2018). 

Water and salt transport properties of triptycene-containing sulfonated polysulfone materials for desalination 

membrane applications. ACS applied materials & interfaces, 10(4), 4102-4112. 
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polymers, however, are susceptible to oxidative degradation that can be accelerated by the use of 

chlorine-based disinfectants, which are used to prevent biofouling in water purification 

systems.[28-33] Consequently, pretreatment steps (e.g., chlorine removal and pH adjustment) are 

needed to prolong the useful life of desalination membranes, and pretreatment increases the overall 

cost of desalination.[28-30, 34] 

Chemically stable desalination membrane polymers would address this issue. Hydrocarbon 

polymers can be chemically stable but are often too hydrophobic to function effectively as water 

treatment membranes, so strategies, including sulfonation, have been used to increase the 

hydrophilicity of otherwise hydrophobic hydrocarbon polymers.[4, 23, 28, 35-45] While 

promising for desalination applications, sulfonated polymer membranes have not yet achieved the 

desalination selectivity and water permeance characteristics of commercially available polyamide 

membranes.[42, 45, 46] Recent recognition of the importance of water/salt selectivity properties 

of desalination membrane polymers[47] underscores the need for studies that focus on 

understanding how membrane chemistry and structure can be used to enhance the water/salt 

selectivity properties of materials, such as sulfonated polysulfone, that are of interest for 

desalination membrane applications. 

 Incorporating bulky co-monomers into membrane polymers is one strategy used to tune 

membrane selectivity.[48-51] For example, triptycene and pentiptycene based polymer 

membranes have exhibited promise for gas separation applications,[52-58] and their transport 

properties can exceed the gas permeability-selectivity tradeoff barrier (i.e., the so-called upper 

bound).[59, 60] In these materials, the incorporation of bulky, space occupying moieties (i.e. 

triptycene and pentiptycene) can generate additional free volume and simultaneously narrow the 

free volume distribution in the polymer.[52-54, 61, 62] Increased membrane free volume enables 
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higher permeability, and a narrow free volume element size distribution enhances selectivity.[52-

54, 61, 62] The success of incorporating triptycene in gas separation membranes motivated us to 

study the influence of incorporating triptycene moieties in sulfonated polysulfone materials, as the 

mechanism of small molecule transport in gas separation and desalination membranes is similar.[4, 

34, 45, 47, 63, 64] 

 In this study, a series of triptycene-containing sulfonated polysulfone membranes (TRP-

BP) was prepared, and the fundamental water and salt transport properties of the materials were 

characterized. The TRP-BP materials sorbed more water compared to sulfonated polysulfones 

without triptycene. The incorporation of triptycene in sulfonated polysulfone did not appear to 

influence salt sorption, suggesting that triptycene does not dramatically influence the bulk 

thermodynamic interactions between salt and the polymer. Both the water and salt diffusion 

coefficients were lower in the TRP-BP materials compared to other sulfonated polysulfone 

materials at comparable water content. Many of the TRP-BP materials exhibited improved 

water/salt permeability selectivity compared to other sulfonated polysulfone materials. In 

particular, acid counter-ion form TRP-BP materials exhibited greater water/salt permeability 

selectivity compared to acid counter-ion form sulfonated polymers that did not contain triptycene. 

Experimental results suggest that incorporation of triptycene into sulfonated polysulfone polymers 

may be a viable strategy for increasing desalination membrane selectivity. 
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3.2. Experimental Methods 

3.2.1 Materials 

Triptycene-1,4-hydroquinone (TRP) was prepared, as described previously, and dried 

overnight at 90°C under vacuum prior to use.[52] 4,4’-biphenol (BP) and 3,3’-disulfonated-4,4’-

dichlorodiphenylsulfone (SDCDPS) were purchased from Akron Polymer Systems and dried 

under vacuum for 24 h at 120°C prior to use. Monomer grade 4,4’-dichlorodiphenylsulfone 

(DCDPS) and anhydrous potassium carbonate (K2CO3) were purchased from Alfa Aesar and dried 

under vacuum for 24 h at 110°C prior to use. Anhydrous N,N-dimethylacetamide (DMAc), 

anhydrous N-Methyl-2-pyrrolidinone (NMP), toluene, and 2-propanol were purchased from 

Sigma-Aldrich and used as received. 

3.2.2 Polymer Synthesis and Membrane Preparation 

A series of triptycene-containing di-sulfonated poly(arylene ether sulfone) random 

copolymers (TRP-BP) with different degrees of sulfonation and varied molar ratios of triptycene-

1,4-hydroquinone (TRP) to 4,4’-biphenol (BP) were synthesized via nucleophilic step growth 

polymerization. It should be noted that random copolymers with TRP as the only bisphenol moiety 

did not have sufficiently high molecular weight for film formation due to the low reactivity of TRP 

and SDCDPS. The nomenclature used for the copolymers is TRP-BP a:b-X, where a:b is the molar 

ratio of TRP to BP and X is the molar percentage of sulfonated SDCDPS in the copolymers as 

shown in Scheme 1. For example, TRP-BP 1:1-35 refers to the copolymer containing 1:1 molar 

ratio of TRP to BP, 35 mol% sulfonated monomer (SDCDPS), and 65 mol% non-sulfonated 

monomer (DCDPS). An example polymerization of TRP-BP 1:1-35 is: 1.8621 g (10.0 mmol) of 

BP, 2.8633 g (10.0 mmol) of TRP, 3.5450 g (7.0 mmol) of SDCDPS, 3.7707 g (13.0 mmol) of 

DCDPS, and 3.3169 g (24.0 mmol) of anhydrous K2CO3 were charged into a three-necked round 
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bottom flask equipped with a condenser, mechanical stirrer, Dean-Stark trap, and nitrogen inlet. 

Anhydrous NMP (60 mL) and toluene (30 mL) were then added to the flask, and the reaction was 

heated, under a N2 purge, to 150°C while stirring. The reaction was refluxed at 150°C for 4 h to 

azeotropically dehydrate the system. Afterwards, toluene was removed from the reaction by slowly 

increasing the temperature to 185°C. The reaction was allowed to proceed at 185°C for another 48 

h until a viscous solution formed. The polymer solution was then cooled to room temperature, 

filtered to remove salts, and coagulated in a stirred isopropanol bath. The precipitated fibrous TRP-

BP copolymer was collected and dried under vacuum at 120°C for 24 h. 

Scheme 3. 1. Synthesis of triptycene-containing sulfonated poly(arylene ether sulfone)s 

 

 

All salt-form (as synthesized) copolymer films were prepared via a solution casting method. 

The TRP-BP copolymers were dissolved in DMAc (~7% w/v), and the solution was filtered 
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through a 0.45 µm PTFE syringe filter. To form polymer films, the filtered solution was cast onto 

a clean leveled glass substrate and dried for 24 h under an infrared lamp at ~55°C. The films were 

subsequently dried under vacuum at 110°C for 24 h to further remove residual solvent.  

The salt counter ion form (salt-form) membranes were converted to the sulfonic acid form 

(acid-form), i.e., replacing K with H in the TRP-BP structure shown in Scheme 1, by boiling the 

films in a 0.5 M sulfuric acid solution for 2 h followed by boiling the films in de-ionized (DI) 

water (18.2 MΩ cm) for 2 h. The acid-form TRP-BP membranes were subsequently stored in DI 

water until use. The suffix “salt” or “acid” was added to the copolymer names to indicate whether 

the films were in the salt-form (as polymerized) or acid-form (converted as described above) before 

characterization. 

3.2.3 Water Sorption and Polymer Density Measurements 

 Cast TRP-BP membranes were soaked in DI water, and the hydrated membrane mass, 

mhydrated, was measured periodically until a constant value was obtained. A laboratory wipe was 

used to remove residual water from the membrane surface before measuring mhydrated. After 

reaching equilibrium, hydrated membranes were placed in vented plastic petri dishes and dried 

under vacuum at 25℃ for 7 days.[65] After drying, the dry membrane mass, mdry, was measured, 

and water uptake, W.U., was calculated as: 

                                          𝑊. 𝑈. =
𝑚ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
                                                                   (3.1) 

 Immediately following the mdry measurement, the dry polymer density, 𝜌𝑑𝑟𝑦 , was 

measured. An analytic balance (XSE204, Mettler Toledo) equipped with a density measurement 

kit was used, and cyclohexane was chosen as the auxiliary liquid to be consistent with previous 

studies on sulfonated polysulfone materials.[65, 66] The temperature of the auxiliary liquid was 

measured during the density measurement, and Archimedes’ principle was used to determine 𝜌dry: 
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                                            𝜌𝑑𝑟𝑦 =
𝐴

𝐴−𝐵
(𝜌𝑎𝑢𝑥 − 𝜌𝑎𝑖𝑟)                                                              (3.2) 

where A and B are the membrane masses in the auxiliary liquid and in air, respectively, 𝜌𝑎𝑢𝑥 is the 

density of the auxiliary liquid,[67, 68] which was evaluated at the measurement temperature, and 

the density of air, 𝜌𝑎𝑖𝑟, was taken as 0.0012 g/cm3.[67] The volume fraction of water in the polymer, 

𝜙𝑊, was calculated, assuming additive mixing of water and the polymer, as:[65] 

                                         𝜙𝑊 =
𝑊.𝑈./𝜌𝑊

𝑊.𝑈./𝜌𝑊+1/𝜌𝑑𝑟𝑦
                                                                        (3.3) 

where the density of water, 𝜌𝑊, was taken as 1 g/cm3.[65] 

 The membrane water sorption coefficient, KW, was defined as the ratio of the membrane 

water concentration, g(water)/cm3(hydrated polymer), to the water concentration in the external 

solution, g(water)/cm3(external solution), in equilibrium with the membrane:[69, 70] 

                                                    𝐾𝑊 =
𝐶𝑊

𝑚

𝐶𝑊
𝑆                                                                                  (3.4) 

where 𝐶𝑊
𝑆  was taken as 1 g/cm3 at room temperature.[64] The value of 𝐶𝑊

𝑚 was calculated as: 

                                 𝐶𝑊
𝑚 =

𝜙𝑊𝑀𝑊

�̅�𝑊
[=]

𝑔(𝑤𝑎𝑡𝑒𝑟)

𝑐𝑚3(ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟)
                                                     (3.5) 

where 𝑀𝑊 is the molecular weight of water (18 g/mol), �̅�𝑊 is the partial molar volume of water 

(taken as the molar volume of water, 18 cm3/mol),[65] and 𝜙𝑊 is the volume fraction of water in 

the polymer determined using Eq. (3.3). By substituting Eq. (3.5) into Eq. (3.4) and simplifying 

the expression, the water sorption coefficient was determined to be equivalent to the volume 

fraction of water in the polymer: 

                                               𝐾𝑊 =  𝜙𝑊                                                                                    (3.6) 
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3.2.4 Water Transport Measurements 

 Hydraulic water permeability was measured using a dead-end stainless-steel permeation 

cell (HP4750 Stirred Cell, Sterlitech, Corp., Kent, WA). Pure water hydrated TRP-BP membranes 

were cut into 5 cm diameter discs using a die and were stored in DI water until use. Qualitative 

filter paper (WhatmanTM, 1001-125) sheets also were cut into 5 cm diameter discs and were washed 

gently with DI water several times. Each polymer sample was placed onto a filter paper disc and 

subsequently was placed onto a porous stainless-steel support such that the filter paper separated 

the polymer from the support. The permeation cell was assembled, filled with approximately 250 

mL DI water, sealed, and pressurized to 400 psi (27.2 atm) using nitrogen. Permeate volume was 

recorded, using a 25 mL graduated cylinder, as a function of time to determine the volumetric 

permeation rate. To minimize the effects of evaporation, the top of the cylinder was sealed using 

Parafilm®. 

 The permeate water flux, JW, was calculated from the volumetric permeation rate as: 

                                                  𝐽𝑊 =
1

𝐴𝑃𝑊

𝑑𝑉

𝑑𝑡
                                                                              (3.7) 

where dV/dt is the slope of the linear steady-state permeate volume versus time data and represents 

the volumetric permeation rate. The effective area of the sample available for water permeation, 

APW, was 14.6 cm2. Hydraulic water permeability, 𝑃𝑊
𝐻 , was calculated as:[64] 

                                                     𝑃𝑊
𝐻 =

𝐽𝑊𝑙

∆𝑝
                                                                                (3.8) 

where ∆𝑝 is the pressure difference across the membrane and l is the hydrated membrane thickness, 

which was taken as the hydrated sample thickness measured immediately following the water 

permeability measurement.[65] Diffusive water permeability, 𝑃𝑊
𝐷 , was calculated from the 

measured 𝑃𝑊
𝐻  data as:[45, 70, 71] 
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                                             𝑃𝑊
𝐷 = 𝑃𝑊

𝐻 𝑅𝑇

�̅�𝑊
[

1−𝐾𝑊

𝛿
]                                                                      (3.9) 

where R is the gas constant, T is absolute temperature, and the term in square brackets is a 

correction factor that accounts for both convective frame of reference (i.e., the 1 – KW term) and 

thermodynamic non-ideality (i.e., 𝛿).[45] 

In other sulfonated polysulfone studies, Flory-Huggins theory[72, 73] was used to estimate 

the value of 𝛿.[45, 65, 74] These analyses, however, used a single-point fit to determine the Flory-

Huggins interaction parameter that is needed to evaluate 𝛿  (c.f., Appendix B).[45] Given the 

uncertainty about whether Flory-Huggins theory describes the TRP-BP materials, the value of 𝛿 

in Eq. (3.9) was set equal to unity during calculation of the diffusive water permeability for the 

TRP-BP materials and the BPS(H) and BisAS materials considered: 

                                            𝑃𝑊
𝐷 = 𝑃𝑊

𝐻 𝑅𝑇

�̅�𝑊
[1 − 𝐾𝑊]                                                                 (3.10) 

In the Appendix B, the single point Flory-Huggins theory fit method was used during calculation 

of the diffusive water permeability for all of the materials considered, and this alternate approach 

to the analysis is provided in the Appendix B with the caveat discussed above about whether Flory 

Huggins theory is applicable to these materials. After converting the hydraulic water permeability 

to diffusive water permeability, using Eq. (3.10), the average water diffusion coefficient, DW, was 

calculated from 𝑃𝑊
𝐷  and 𝐾𝑊 as:[70] 

                                               𝐷𝑊 =
𝑃𝑊

𝐷

𝐾𝑊
                                                                                    (3.11) 

3.2.5 Salt Transport Measurements 

 Salt permeability, PS, was measured at 25℃ using a direct salt permeation technique and a 

custom dual chamber permeation cell. Prior to the measurement, the sample was soaked in 1 M 

NaCl solution, and a laboratory wipe was used to remove residual salt solution from the membrane 
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surface. Two rubber gaskets, with 1.59 cm diameter openings, were used to seal the membrane in 

the cell and define the area available for salt transport, APS. The donor chamber was initially filled 

with 100 mL of 1 M NaCl solution, and the receiver chamber was initially filled with 100 mL of 

DI water. The system temperature was maintained at 25℃ using a water bath to circulate water 

through jackets surrounding the donor and receiver chambers. The solutions in both chambers were 

mixed by mechanical stirring (CaframoTM BDC250, 350 rpm). A conductivity meter (Inolab® 

Cond 7310) was used to track the change in the receiver chamber solution conductivity over time, 

and the solution conductivity was converted to salt concentration via a calibration curve. Salt 

permeability, PS, was calculated as:[75] 

                                ln [1 − 2
𝐶𝑅(𝑡)

𝐶𝐷(0)
][−

𝑉𝑙

2𝐴𝑃𝑆
] = 𝑃𝑆𝑡                                                                 (3.12) 

where CR(t) is the receiver chamber salt concentration at time t, CD(0) is the initial donor chamber 

salt concentration (1 M), V is the solution volume in each chamber (100 mL), l is the hydrated 

sample thickness (measured following the experiment), and the effective transport area APS was 

1.98 cm2. The pseudo steady-state condition was verified by observing a linear variation of ln [1 −

2
𝐶𝑅(𝑡)

𝐶𝐷(0)
][−

𝑉𝑙

2𝐴
] vs. t, and the slope of this line was taken as 𝑃𝑆 according to Eq. (3.12). 

 The membrane salt sorption coefficient, Ks, was defined as the ratio of membrane salt 

concentration (mol(salt)/cm3(hydrated polymer)) to salt concentration in the external solution 

(mol(salt)/cm3(external solution)) in equilibrium with the membrane.[69, 70] Salt sorption was 

measured using a desorption method[76] where the TRP-BP samples were cut into 1.59 cm 

diameter discs and soaked in 50 mL of 1 M NaCl solution for two days to reach sorption 

equilibrium. The time needed for a sample to reach sorption equilibrium was estimated using the 

salt permeability of the sample as l2/4PS. This time was found to be on the order of 1000 sec and 

was recognized to be an overestimation of the characteristic time for diffusion, l2/4DS, since PS = 
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DS KS and KS < 1.[45] Soaking the samples in salt solution for a factor of 10 greater than this 

characteristic time for diffusion was taken to be sufficient for reaching sorption/desorption 

equilibrium.[76] 

After equilibration, the membranes were removed from the salt solution, wiped with a 

laboratory wipe to remove salt solution from the sample surface, and soaked in 20 mL of DI water 

for two days to allow the sorbed salt to desorb from the polymer. The desorption solution 

concentration, which was targeted to be near 1 mg(NaCl)/L by controlling the sample volume and 

desorption solution volume, was measured using ion-chromatography (Dionex ICS-2100), and Ks 

was calculated as: 

                                                𝐾𝑆 =
𝐶𝑓𝑉𝑓

𝐶0𝑉𝑚
                                                                                  (3.13) 

where 𝐶𝑓 is the desorption solution concentration, 𝑉𝑓 is the desorption solution volume (20 mL), 

𝐶0 is the initial soaking solution concentration (1 M), and 𝑉𝑚 is the hydrated membrane volume, 

which was calculated using measured sample thickness and area. Following the measurements of 

PS and KS, the average salt diffusion coefficient, DS, was calculated as:[70] 

                                               𝐷𝑆 =
𝑃𝑆

𝐾𝑆
                                                                                      (3.14)
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3.3. Results and Discussions 

3.3.1 Polymer Properties and Water Content 

 Experimental results for the TRP-BP materials were compared to results reported for 

sulfonated polysulfone materials that did not contain the triptycene group (BPS(H))[65] and 

sulfonated polysulfone materials prepared using a bisphenol-A group (BisAS)[77] as opposed to 

the biphenol group used in the TRP-BP and BPS(H) materials. The chemical structures of the 

BPS(H) and BisAS materials are shown in Fig. 3.1. The BPS(H) materials contain linear BP 

moieties on the polymer backbone, and the BisAS materials contain bisphenol-A (BPA) moieties 

that have a bent configuration due to the bond angle of the carbon that separates the phenyl rings 

in the BPA moiety. Thus, both the TRP-BP and BisAS materials contain moieties that can disrupt 

chain packing in the material compared to the BPS(H) materials.  

 

Figure 3. 1 Chemical structures for the BPS(H)[65] and BisAS[77] random copolymers. The value of x represents 

the degree of sulfonation, and the copolymer compositions are given as BPS(H)-100x and BisAS-100x. The R+ 

group in the BPS(H) structure represents the initial counter-ion form of the polymer: H+ for the BPSH materials or 

K+ for the BPS materials.[65]  

 

 The dry polymer densities of the TRP-BP 1:1-35 and TRP-BP 2:1-35 materials were 

similar to the dry polymer densities of the BPS(H)-35 materials with the exception of the TRP-BP 

1:1-35-salt material that had an approximately 6% greater density than the BPS-35 material (Table 
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1). The greater density of the TRP-BP 1:1-35-salt material compared to the BPS-35 material may 

be due to the higher repeat unit molecular weight of the TRP moiety compared to the BP moiety. 

In the absence of significant chain packing disruption, an increase in repeat unit molecular weight 

could result in an increased density upon incorporation of the TRP moiety in the polymer. 

Alternatively, incorporation of the BPA moiety in the BisAS materials resulted in an 

approximately 5-10% lower density compared to the BPS and TRP-BP materials (Table 1), and 

this result is consistent with a disruption in chain packing due to the bent structure of the BPA 

moiety. In the dry state, however, incorporating triptycene into sulfonated polysulfone does not 

dramatically affect the dry density of the polymer, suggesting that chain packing disruptions are 

less significant compared to that of the BisAS materials
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Table 3. 1. Density and transport properties of the TRP-BP polymers. Previously reported data for the BPS(H)[65, 78] polymers and the BisAS[77] polymers are 

included for comparison.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Measured via desorption at room temperature (concentration of NaCl in the initial soaking solution = 1 M; membranes were soaked for 3 days before desorption 

in atmospherically equilibrated DI water) 

b Calculated from 𝑃𝑊
𝐷  and KW values using Eq. (3.11) 

c Calculated from PS and KS values using Eq. (3.14) 

d Measured at room temperature using a dead-end permeation cell pressurized (using N2) to 400 psig 

e Calculated from Kw and 𝑃𝑊
𝐻  values using Eq. (3.10) 

f Measured at 25oC via direct permeation (concentration of NaCl in the donor cell = 1 M) 

 

Material KW 
Dry density 

(g/cm3) 
KS a 

DW b          (×10-6 

cm2/s) 

DS  c      (×10-7 

cm2/s) 

𝑷𝑾
𝑯  d 

(L·µm/m2·h·bar) 

𝑷𝑾
𝑫  e               (× 

10-6 cm2/s) 

PS f        (×10-9 

cm2/s) 

TRP-BP 1:1-35-acid 0.46±0.01 1.41±0.04 0.105±0.005 12.6±0.9 6.9±0.9 2.8±0.2 5.8±0.4 74±1 

TRP-BP 1:1-35-salt 0.38±0.01 1.43±0.03 0.050±0.008 3.4±0.4 1.2±0.2 0.55±0.07 1.3±0.2 5.8±0.1 

TRP-BP 2:1-35-acid 0.48±0.01 1.37±0.06 0.094±0.003 12.0±0.4 8.2±0.3 2.9±0.1 5.8±0.2 76±2 

TRP-BP 2:1-35-salt 0.36±0.01 1.39±0.06 0.066±0.004 5.1±0.5 1.5±0.2 0.75±0.07 1.8±0.2 9.2±0.9 

TRP-BP 1:1-50-salt 0.48±0.01 1.42±0.01 0.159±0.020 15.7±1.0 12±2 3.8±0.23 7.6±0.5 199±6 

BPS-35[65] 0.26 1.353[78] 0.034 4.2 1.2 0.39 1.1 3.9 

BPS-40[65] 0.29 1.358[78] 0.043 6.1 3 0.65 1.8 8.7 

BPSH-35[65] 0.4 1.386[78] 0.057 12 9.8 2.1 4.8 103 

BPSH-40[65] 0.48 1.420[78] 0.081 18 20 4.4 8.7 226 

BisAS-30[77] 0.24±0.01 1.26±0.02 0.056±0.007 5.6±0.2 1.6±0.2 0.46±0.02 1.3±0.1 9.0±0.3 

BisAS-40[77] 0.34±0.01 1.32±0.02 0.080±0.005 11±2 6.6±0.5 1.53±0.23 3.9±0.6 53±4 
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The acid-form TRP-BP materials sorb more water compared to the corresponding salt-form 

materials at equivalent degree of sulfonation. This observation is consistent with data reported for the 

BPS(H) materials.[65] This result also is consistent with observations made on a variety of sulfonated 

polymers.[66, 79]  

 The water sorption coefficient of the acid- and salt-form TRP-BP 1:1-35 and TRP-BP 2:1-35 

materials increased by 15% to 46% compared to the BPSH-35 and BPS-35 materials, respectively (Table 

3.1). Often the water content of hydrated polymers is taken to be proportional to free volume.[45, 75, 76, 

80] Therefore, the observed increase in water content upon incorporation of triptycene into sulfonated 

polysulfone (at comparable degree of sulfonation) suggests that the hydrated TRP-BP materials may have 

greater free volume compared to the BPS(H) and BisAS materials.  

 The dry polymer density results suggest that incorporation of the TRP moiety does not appreciably 

affect chain packing (or free volume) with the exception of one case, discussed above, where the density 

of TRP-BP 1:1-35-salt is greater (suggesting a lower free volume) than BPS-35. Alternatively, the water 

content data suggest that incorporation of triptycene in sulfonated polysulfone results in an increase in 

free volume (using the relationship, proposed by Yasuda et al., that suggests free volume is proportional 

to water content in hydrated polymers[75]). These results (that may appear to conflict) may be rationalized 

by considering the differences between dry and hydrated sulfonated polymers.  

In the dry state, sulfonate groups can hydrogen bond strongly, and these interactions can result in 

a reduction in the free volume of the polymer, compared to an uncharged material, because the polymer 

chains are drawn together by the favorable interactions between the sulfonate groups.[76, 78] When water 

sorption occurs, these hydrogen bonds can be disrupted as the sulfonate groups solvate with water.[76, 78] 

In the dry TRP-BP materials, strong interactions between sulfonate groups may dominate over possible 

chain packing disruption due to the TRP moieties, and this situation would be consistent with dry polymer 
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density values that are not appreciably affected by the incorporation triptycene in sulfonated polysulfone 

in contrast to other reports where triptycene incorporation in uncharged polyimides[52] disrupts chain 

packing. In the hydrated TRP-BP materials, the strong interactions between sulfonate groups may be 

disrupted as the sulfonate groups hydrate, and the increased water content of the TRP-BP compared to the 

BPS(H) and BisAS materials may be due to the incorporation of triptycene in sulfonated polysulfone. 

3.3.2 Water Transport   

 Incorporating triptycene into sulfonated polysulfone generally resulted in an increase in hydraulic 

water permeability, 𝑃𝑊
𝐻 , for the TRP-BP materials compared to the BPS(H) materials at comparable 

degrees of sulfonation (Table 3.1). This result is qualitatively consistent with the observation that water 

permeability generally is greater in materials that sorb more water.[45] Additional analysis, however, 

reveals that the greater hydraulic water permeability of the TRP-BP materials, compared to the BPS(H) 

and BisAS materials at comparable degree of sulfonation, is driven by a combination of increased water 

content and suppressed water diffusivity compared to the sulfonated polysulfones that do not contain 

triptycene. 

 To analyze water transport further, the water diffusivity properties of the polymers were 

considered (Fig. 3.2). The water diffusion coefficient for the TRP-BP materials is more sensitive to 

changes in water content, KW, compared to the BPS(H) and BisAS materials. The decision to plot the 

water diffusion coefficient data in Fig. 3.2 versus 1/KW was motivated by a free volume-based scaling 

argument proposed by Yasuda et al. where the free volume in hydrated polymers was taken to be 

proportional to the free volume available for transport in the material.[75] 
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Figure 3. 2. Water diffusivity, DW, as a function of 1/KW for the TRP-BP ( ), BPS(H) ( )[65], and BisAS ( )[77] 

materials. The DW values for the TRP-BP materials were calculated from measured 𝑃𝑊
𝐷  and KW using Eq. (3.11). 

 

The TRP-BP water diffusion coefficients are lower than that of the BPS(H) and BisAS materials 

at comparable water content (Fig. 3.2). The BisAS material exhibited greater DW values compared to the 

BPS(H) materials at comparable water content, and this result has been attributed to additional free volume 

introduced into the BisAS structure by the BPA group (Fig. 3.1), which is not linear like the BP group.[77] 
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These results suggest that incorporating triptycene in sulfonated polysulfone has an influence on water 

transport that is fundamentally different from the situation when the BP group (in the BPS(H) polymers) 

is replaced with the BPA group (in the BisAS polymers) as observed by comparing the DW values for the 

BPS(H) and BisAS materials at comparable water content. 

The observed reduction in DW for the TRP-BP materials compared to the BPS(H) materials and 

the BisAS materials (at comparable water content) may be due to the influence of the triptycene groups 

on polymer chain packing or configuration. Improvements in membrane gas transport properties have 

been ascribed to changes in the polymer free volume distribution as a result of incorporating triptycene 

units into the backbone of a polyimide.[52] In the TRP-BP materials, the bulky triptycene groups may 

serve as “molecular baffles” that could disrupt larger free volume elements to form smaller and more 

tortuous transport pathways (see Section B2 in the Appendix B for more discussion). The observed 

decrease in the water diffusivity of the TRP-BP materials relative to the other sulfonated polysulfone 

materials suggests that incorporating triptycene in sulfonated polysulfone may either fill free volume 

within the polymer, which contrasts the water sorption data discussed previously, or make the transport 

pathways more tortuous.  

 The TRP-BP diffusive water permeability values are greater than those values for the 

corresponding BPS(H) materials[65] but are lower than those values for the corresponding BisAS 

materials[77] (Table 3.1). This result is likely due to competing water sorption and diffusion effects, as 

the diffusive water permeability, 𝑃𝑊
𝐷 , can be expressed as the product of the water sorption, KW, and 

diffusion, DW, coefficients, i.e., Eq. (3.11).[64, 70] Incorporating triptycene into sulfonated polysulfone 

causes an increase in KW and a reduction in DW compared to comparable water content materials. 

Alternatively, the BisAS materials, compared to the TRP-BP materials, have slightly lower KW values but 
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higher DW values, so diffusive water permeability in the BisAS materials is greater than that in the salt-

form TRP-BP and BPS materials. 

 

3.3.3 Salt Transport 

  Incorporating triptycene into sulfonated polysulfone did not have a dramatic effect on salt sorption 

properties. It did, however, influence the salt diffusivity and, because permeability can be taken as the 

product of the sorption and diffusion coefficients, i.e., Eq. (3.14),[70] permeability properties. Much like 

the water transport analysis, salt sorption and permeability properties were measured and used to calculate 

effective diffusion coefficients using Eq. (3.14). 

Salt sorption in the TRP-BP materials increased as the water content of the polymer increased (Fig. 

3.3), which is similar to results for many polymers.[45] The salt sorption coefficients for the TRP-BP 

materials were also relatively similar to the salt sorption coefficients of the BPS(H) and BisAS materials. 

This result is not surprising given that the chemistry of the polymer backbones for all three families of 

materials is very similar. The structural changes made in the TRP-BP and BisAS polymers, relative to the 

BPS(H) materials, do not appear to have a profound influence on the thermodynamics of salt transport. 

Furthermore, salt sorption in charged polymers is highly linked to characteristics related to the charged 

groups on the polymer,[23, 46, 74, 81] and all three classes of materials contain the same sulfonate groups.  
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Figure 3. 3. Salt sorption coefficient, KS, values as a function of the water sorption coefficient, KW, for the TRP-BP ( ), 

BPS(H) ( )[65], and BisAS ( )[77] materials. The KS values for the TRP-BP materials were measured via a desorption 

process at room temperature (concentration of NaCl in soaking solution = 1 M; samples were equilibrated for 3 days prior to 

desorption in atmospherically equilibrated DI water). 

 

 The TRP-BP 1:1-50 salt-form material, however, may be an exception. The salt sorption 

coefficient for that material was measured to be roughly 60% greater than other samples with comparable 

water content (Fig. 3.3). This result may be due to the fact that the degree of sulfonation of 

TRP-BP 1:1-50-salt is greater than the BPS(H) or BisAS materials. With more sulfonate groups on the 
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polymer backbone and a similar water content to TRP-BP 2:1-35-acid, it is likely that additional counter-

ion condensation could occur in TRP-BP 1:1-50-salt compared to TRP-BP 2:1-35-acid, and this situation 

would result in a higher salt sorption coefficient at equivalent water content.[81]  

The TRP-BP diffusive salt permeability is suppressed relative to that of the BPS(H) and BisAS 

materials at comparable KW (Table 3.1 and Fig. 3.4). This reduction in salt permeability suggests that 

incorporating triptycene into sulfonated polysulfone may be a favorable strategy for desalination 

applications where low salt permeability is desired.[2, 4, 47, 74] Additionally, the observation that the 

water permeability values for the TRP-BP materials were generally greater than that of the BPS(H) 

materials further suggests that the TRP-BP materials may be of interest for desalination applications.  The 

salt permeability properties of the TRP-BP materials are similar to the other sulfonated polysulfone 

materials and uncharged hydrogels, studied by Yasuda et al.[75], in that all of the materials exhibit the 

free volume-based scaling relationship proposed by Yasuda et al. Therefore, the general transport 

mechanism appears to be similar for the three sulfonated polysulfone materials, but the use of triptycene 

in sulfonated polysulfone appears to suppress salt permeability. 
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Figure 3. 4. Salt permeability, PS, as a function of 1/KW for the TRP-BP ( ), BPS(H) ( )[65], and BisAS ( )[77] 

materials. The PS values for the TRP-BP materials were measured at 25˚C via a direct permeation method with an upstream 

NaCl concentration of 1 M. The data are compared to a general representation (solid line) of uncharged hydrogel data 

reported by Yasuda et al.[75] 



86 

 

 

Using the measured salt sorption coefficients and permeability values, effective salt diffusion 

coefficients can be calculated using Eq. (3.14). At equivalent water content, salt diffusion in the TRP-BP 

materials was slower than that in the BPS(H) and BisAS materials, which both had comparable DS values 

at equivalent water content (Fig. 3.5). This result was expected given that the salt sorption coefficients, as 

a function of water content, were similar for the three materials and that the TRP-BP materials had lower 

salt permeability than the other sulfonated polysulfone materials (Fig. 3.4). 
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Figure 3. 5. Salt diffusivity, DS, plotted versus 1/KW for the TRP-BP ( ), BPS(H) ( )[65], and BisAS ( )[77] materials. 

The Ds values for the TRP-BP materials were calculated from measured PS and KS values using Eq. (3.14). The data are 

compared to a general representation (solid line) of uncharged hydrogel data reported by Yasuda et al.[75] 

 

Similar to the situation discussed for water diffusion and salt permeability, a free volume-based 

scaling relationship[75] describes the salt diffusion properties of the TRP-BP materials as a function of 

water content (Fig. 3.5). The correlation also passes through the NaCl diffusion coefficient in aqueous 

solution (1.47×10-5 cm2/s)[75] at KW = 1. This observation further supports the view, in accord with the 

work of Yasuda et al.,[75] that water content may be proportional to free volume in these materials.[75] 
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 The reduction in the salt diffusivity in the TRP-BP polymers, relative to the other sulfonated 

polysulfone materials, is likely related to the observed reduction in TRP-BP water diffusivity compared 

to the other sulfonated polysulfone materials. If the presence of triptycene in the polymer causes the 

polymer chains to pack differently (causing a change in the distribution of free volume and/or increasing 

the tortuosity of transport pathways in the material, c.f., Appendix B for more discussion) compared to 

the other polysulfone materials, then these effects would be expected to influence larger hydrated salts to 

a greater extent than water. Salt diffusion in the TRP-BP materials was observed to be more sensitive to 

changes in water content compared to the dependence of water diffusion on water content as the slope of 

the salt diffusion coefficient regression in Fig. 3.6 was nearly twice the slope of the of the water diffusion 

coefficient regression in Fig. 3.6.  
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Figure 3. 6. TRP-BP water diffusivity (DW, , calculated from 𝑃𝑊
𝐷  and KW values using Eq. (3.11)) and salt diffusivity (DS, 

, calculated from PS and KS values using Eq. (3.14)) as a function of 1/KW. 

 

The data in Fig. 3.6 are consistent with free volume theory, as the diffusion of larger penetrants, 

i.e., hydrated ions, are expected to be more sensitive to changes in free volume compared to smaller 

penetrants, i.e., water.[72, 75, 82, 83] The water/salt diffusivity selectivity, DW/DS, or the difference 

between the values of DW and DS at a given water content increases as the water content of the polymers 
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decreases (left to right on the horizontal axis of Fig. 3.6), which is consistent with Cohen/Turnbull free 

volume theory.[63] TRP-BP materials with lower water content (TRP-BP 1:1-35-salt and TRP-BP 2:1-

35-salt) have greater water/salt diffusivity selectivity, which is favorable for desalination applications, 

compared to those materials with higher water content. 

 

3.3.4 Water/Salt Selectivity 

 In desalination processes, membrane performance typically is evaluated in terms of water flux 

(related to 𝑃𝑊
𝐷  via Eqs. (8) and (9)) and salt rejection, which is related to the water/salt permeability 

selectivity of the material and reflects the ability of the membrane to separate water and salt.[47, 74] In 

general, high water flux (high water permeability) and high salt rejection (high water/salt permeability 

selectivity) is desirable for desalination membrane applications.[2, 4, 5, 45, 47] Selectivity is particularly 

important for membrane applications,[47, 84] and the water/salt permeability selectivity can be expressed 

in terms of a water/salt diffusivity selectivity and water/salt sorption selectivity given that permeability 

can be expressed in terms of the sorption and diffusivity components.[45, 74] 

Using the water and salt transport properties discussed previously, the water/salt selectivity 

properties of the TRP-BP materials can be compared to those properties of the BPS(H) and BisAS 

materials. In making this comparison, we calculated the diffusive water permeability for all of the 

materials under comparison using Eq. (3.10), i.e., we included the convective frame of reference term in 

the calculation. This approach contrasts previous studies on the BPS(H) and BisAS materials that 

neglected the convective frame of reference term.[2, 79] Also in contrast to previous studies on the BPS(H) 

and BisAS materials, we set the thermodynamic term, 𝛿 in Eq. (3.9), equal to unity in order to compare 

material properties without the influence of potential artifacts that could be introduced by the single point 

Flory-Huggins interaction parameter calculation. This alternate analysis, however, was performed and is 
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included separately as part of the Appendix B. The water diffusion coefficient was calculated from the 

diffusive water permeability using Eq. (3.11). 

 A tradeoff exists, between water/salt diffusion selectivity, DW/DS, and water diffusion coefficient, 

DW, for the TRP-BP materials (Fig. 3.7), and it is consistent with free volume theory.[2, 63, 74] Fig. 3.7 

shows that some of the TRP-BP materials exhibit greater diffusion selectivity at equivalent DW values 

compared to the BPS(H) and the BisAS materials. The TRP-BP 1:1-35-salt material is an exception to 

these observations. The TRP-BP materials that exhibit improved diffusivity selectivity compared to the 

BPS(H) and BisAS materials at comparable values of DW realize the improved selectivity from the 

stronger suppression of Ds compared to DW properties observed for the TRP-BP polymers at comparable 

water content (Figs. 3.2 and 3.5). The selectivity results suggest that it may be possible to use triptycene 

to modify the distribution of free volume in the polymer in a manner that enhances diffusivity selectivity 

without the typical corresponding reduction in the water diffusion coefficient that is seen for many 

materials (including the BPS(H) and BisAS materials shown in Fig. 3.7). 
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Figure 3. 7. Diffusion selectivity, DW/DS, as a function of DW for the TRP-BP 1:1 ( ), TRP-BP 2:1 ( ), BPS(H) ( )[65], 

and BisAS ( )[77] materials.  

Increasing the triptycene content from 1:1 (50% TRP) to 2:1 (66% TRP) caused an increase in 

both water/salt diffusivity selectivity and water diffusion coefficient for the salt form polymers that 

contained 35% (by mole) sulfonated monomer. The corresponding increase in triptycene content for the 

acid from polymers that contained 35% (by mole) sulfonated monomer resulted in a decrease in diffusivity 

selectivity and a statistically insignificant change in the water diffusion coefficient (Table 3.1). Therefore, 
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the incorporation of triptycene into sulfonated polysulfone appears to influence diffusivity selectivity in a 

way that might be leveraged to engineer selective desalination membranes, but the compositional space 

needs to be more thoroughly explored to understand the fundamental influence of triptycene content on 

transport properties.  

The water/salt sorption selectivity values, KW/KS, for the TRP-BP materials generally are 

comparable to those selectivity values for the BPS(H)[65] and BisAS[77] materials. The TRP-BP 1:1-50 

salt-form material is an exception (Fig. 3.8). The low sorption selectivity of TRP-BP 1:1-50-salt may 

originate from its high salt sorption coefficient as discussed previously (Fig. 3.3), which may be due to 

counter-ion condensation effects.[81] The water/salt sorption selectivity in the TRP-BP materials is 

approximately an order of magnitude less than the water/salt diffusivity selectivity, which suggests that 

diffusivity contributes more to permeability selectivity than sorption effects in these materials. 
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Figure 3. 8. Sorption selectivity, KW/KS, as a function of KW for the TRP-BP 1:1 ( ), TRP-BP 2:1 ( ), BPS(H) ( )[65], and 

BisAS ( )[77] materials. The dashed line represents an empirical sorption tradeoff frontier reported for desalination 

membranes.[2, 74] 

 

Incorporation of the triptycene group in sulfonated polysulfone generally resulted in a modest 

increase in the water/salt permeability selectivity, 𝑃𝑊
𝐷 𝑃𝑆⁄ , at comparable diffusive water permeability, 𝑃𝑊

𝐷 , 

compared to the BisAS[77] sulfonated polysulfones that do not contain triptycene (Fig. 3.9). Furthermore, 

the acid counter-ion form TRP-BP polymers (i.e., TRP-BP 1:1-35-acid and TRP-BP 2:1-35-acid) exhibit 
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higher water/salt permeability selectivity compared to the BPSH[65] sulfonated polysulfones that do not 

contain triptycene and higher water permeability than the BisAS-40 material. One exception is the TRP-

BP 1:1-50 salt-form material that has comparable selectivity to the BPSH-40 material. The low water/salt 

permeability selectivity of TRP-BP 1:1-50-salt is likely due to low sorption selectivity, which may be due 

to counter-ion condensation as discussed previously, that is not completely compensated for by the higher 

water/salt diffusivity selectivity compared to the BPSH-40 material (Fig. 3.7). 
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Figure 3. 9. Trade-off between water/salt permeability selectivity and water permeability for the TRP-BP 1:1 ( ), TRP-BP 

2:1 ( ), BPS(H) ( )[65], and BisAS ( )[77] materials. The dashed line represents an empirical permeability tradeoff 

frontier reported for desalination membranes.[2, 74] 

  



97 

 

3.4. Conclusions 

 Water and salt transport properties of triptycene-containing sulfonated polysulfones have been 

studied, and the water/salt selectivity properties of the materials suggest that incorporating triptycene 

groups into sulfonated polysulfone materials may increase modestly water/salt permeability selectivity, 

particularly for acid counter-ion form materials. The triptycene-containing sulfonated polysulfones sorb 

more water than sulfonated polysulfones without triptycene (at comparable degrees of sulfonation), but 

the dry polymer density is not greatly affected by incorporation of triptycene in the polymer possibly due 

to strong hydrogen bond interactions between sulfonate groups in the dry polymers. No significant 

difference in salt sorption was observed between the TRP-BP materials and other sulfonated polysulfone 

materials as a function of water content. Both water and salt diffusion coefficients in the TRP-BP materials 

were suppressed compared to those values measured for BPS(H) and BisAS materials (at comparable 

water content). These observations may result from the influence of triptycene on polymer chain packing 

and/or on the distribution of free volume in the polymer, which could result in more tortuous transport 

pathways in the triptycene-containing polymers. Water/salt permeability selectivity was analyzed by 

considering both diffusion selectivity and sorption selectivity. The observed increase in water/salt 

permeability selectivity for some of the TRP-BP sulfonated polysulfone materials compared to the other 

materials that do not contain triptycene, suggests that incorporating bulky functional groups, such as 

triptycene, in polymers may be a strategy to increase the selectivity of desalination membrane materials. 
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Chapter 4 Functional group configuration influences salt transport in desalination 

membrane materials3 

4. 1 Introduction 

 Desalination is one strategy to improve access to clean water and address global water 

shortage [1-7]. Membrane-based desalination techniques, such as reverse osmosis, are widely used 

due to high energy efficiency and low cost compared to thermal desalination technologies [4, 5, 8-

10]. The effectiveness of desalination membranes is intimately coupled to the water and salt 

transport properties of the polymer used to prepare the membrane, and materials that afford high 

water/salt selectivity, whether by enhancing water transport or by suppressing salt transport, are 

desirable for desalination applications [11, 12]. 

 Polyamide-based reverse osmosis membranes, with high water permeance and low salt 

passage, are the current state-of-the-art for membrane-based desalination [1, 2, 5, 7]. Polyamides, 

however, are susceptible to oxidative degradation via chlorine-based chemicals used to disinfect 

water and to limit biofouling, so advanced chlorine-tolerant, or chemically stable, desalination 

membranes are needed [13-16]. Several candidate materials have been considered [4, 5, 16-18], 

but a combination of excellent chlorine tolerance and favorable water/salt selectivity properties 

remains elusive [11, 12, 19]. Engineering the next generation of desalination membranes with 

desirable combinations of transport properties, chemical and mechanical stability, and surface 

properties requires knowledge of how specific chemical functional groups influence material 

properties. 

 
3 This chapter is already published and available from: Luo, H., Chang, K., Bahati, K., & Geise, G. M. (2019). 

Functional group configuration influences salt transport in desalination membrane materials. Journal of Membrane 

Science, 590, 117295. 
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 One approach to designing effective desalination membranes is to engineer polymers that 

suppress salt permeability. So long as water transport properties are not simultaneously suppressed 

to the same or greater extent, this approach would increase salt rejection [4, 19, 20]. The solution-

diffusion model (for non-porous polymers such as those often used in desalination membranes) 

suggests that salt permeability can be suppressed by reducing salt partitioning (i.e., sorption) into 

the membrane and/or salt diffusion through the membrane as salt permeability is the product of 

salt sorption and diffusion [21, 22].  

In relatively simple uncharged hydrated polymers, salt sorption properties are linked to the 

relative permittivity (or dielectric constant) of the material [19, 23-25], and polymer chemistry can 

be used to engineer relative permittivity to influence the thermodynamics of salt sorption [23]. 

Additionally, preparing membranes (with low water content – similar to desalination membranes) 

with rigid polymer backbones and/or bulky side groups can result in favorable water/salt transport 

selectivity [26-28]. These findings inform opportunities to engineer polymers to achieve the 

necessary combination of properties to purify water effectively. 

 One challenge in many fundamental studies of membrane transport properties is that 

modification of the polymer often changes the hydrophilicity of the material [4-6, 29]. In other 

words, a change in water content often accompanies systematic variations in polymer chemistry. 

Water content can have a profound impact on the water and salt transport properties of polymers 

[4, 19, 30-32], and it can be difficult to decouple the influences of changing water content and 

polymer chemistry on transport properties. Doing so, however, is critical to understanding how 

molecular engineering can be used to design advanced membrane materials. 

 Here we prepared five methacrylate-based co-polymers that have statistically equivalent 

water content but different ratios of two co-monomers that have different numbers of hydroxyl 
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groups: 2-hydroxyethyl methacrylate (HEMA) and glycerol methacrylate (GMAOH). Selecting 

these co-monomers enabled a systematic variation of the position and number density of hydroxyl 

groups in the co-polymers without changing the water content of the material. The chemical 

composition of the co-polymer was systematically varied from a vicinal diol-rich configuration 

(GMAOH-rich co-polymer) to a HEMA-rich material with single hydroxyl groups on the side 

chains. Shifting the co-polymer composition from a GMAOH-rich configuration to a HEMA-rich 

configuration suppressed both salt sorption and salt diffusion properties, and these results were 

supported by dielectric permittivity property measurements and state of water analysis. The results 

suggest, without complication from changing water content, that a more distributed hydrophilic 

functional group configuration may suppress salt transport to a greater extent than a more vicinal 

functional group-rich configuration within the co-polymer. As such, this study provides 

information about how specific chemical functional groups influence salt transport properties in a 

unique manner that is decoupled from polymer water content. 

4.2 Experimental methods 

4.2.1 Materials 

 Co-polymers (Figure 4.1) were prepared by photo-initiated cross-linking of 2-hydroxyethyl 

methacrylate (HEMA, 99%, Sigma-Aldrich, St. Louis, MO), glycidyl methacrylate (GMA, 97%, 

Sigma-Aldrich, St, Louis, MO), and glycerol methacrylate (GMAOH, synthesized as reported by 

Tan et al. [33]). The cross-linker was poly(ethylene glycol) dimethacrylate (PEGDMA, average 

Mn = 550 g/mol,  Sigma-Aldrich, St. Louis, MO). The cross-linker content (10% of the total mass 

of the co-monomers) was chosen to mitigate two competing objectives: minimizing the cross-

linker content to study the influence of co-monomer functionality on transport properties while 

incorporating enough cross-linker to yield mechanically robust materials. The initiator was 1-
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hydroxycyclohexyl phenyl ketone (HCPK, 99%, Sigma-Aldrich, St. Louis, MO), and the amount 

of initiator used was 1% of the total co-monomer mass [26, 27]. 

 

Figure 4. 1. Chemical structure of the cross-linked HEMA:GMA:GMAOH co-polymer. The co-polymers were 

prepared from pre-polymerization solutions that contained a x:y:z, by mass, ratio of HEMA:GMA:GMAOH co-

monomers (such that x + y + z = 100). The cross-linker was added such that the mass of cross-linker was 10% of the 

total mass of the co-monomers. 

 

 In a typical preparation of the 15:55:30 HEMA:GMA:GMAOH material, 0.15 g of HEMA, 

0.55 g of GMA, 0.3 g of GMAOH, 0.1 g of PEGDMA, and 10 mg of HCPK were mixed, via 

magnetic stirring, in a 20 mL glass vial. The mixture was stirred at room temperature for 30 min 

and then was degassed for 10 min in an ultrasonic bath (VWR, 97043). The result of this process 

was a homogeneous and bubble-free pre-polymerization solution.  

This solution subsequently was deposited slowly onto a clean glass plate. Two 100 µm 

thick metal spacers were placed on either side of the solution, and a quartz plate was placed on top 

of the spacers to create a uniformly thick film of the pre-polymerization solution. This assembly 

was placed on a leveled platform in a UV-crosslinking chamber (Spectroline, SelectTM Series). 

The pre-polymerization solution was irradiated with 120 µJ/cm2 312 nm light for 5 min, which 
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was sufficiently long to form mechanically robust membranes, to obtain a colorless and transparent 

membrane film. 

The transparent nature of the films was an indicator that the materials are relatively 

homogeneous. Glass transition temperatures can also provide additional information about the 

morphology of these dense thick films [34]. Homogeneous co-polymers, i.e., materials where the 

co-monomers are well-mixed at the molecular level, are expected to exhibit a single glass transition 

temperature [26, 34]. Unfortunately, the glass transition temperatures of all of the 

HEMA:GMA:GMAOH co-polymers appear to be obscured by vaporization of some of the water 

initially sorbed by the co-polymer. The Fox equation [35, 36], which can be used to calculate a 

first approximation estimate of the co-polymer glass transition temperature based on homopolymer 

glass transition temperatures and co-polymer composition, provides evidence for this situation. 

Furthermore, the Fox equation has been used to calculate values in good agreement with 

experimentally measured glass transition temperatures for HEMA-containing materials [27]. The 

Fox equation estimated hydrated co-polymer glass transition temperatures increased in the order 

of 108ºC, 113ºC, 116ºC, 121ºC, and 126ºC as the HEMA composition of the pre-polymerization 

solution increased from 0 to 60% (by mass). Importantly, we did not observe glass transition 

temperatures at the temperatures where a glass transition would be expected if the co-monomers 

were prepared as homopolymers, and this result further suggests that the co-polymers were 

relatively homogeneous. As such, the transparent nature of the films and the glass transition 

temperature data/analysis suggest that the co-polymers considered here are relatively 

homogeneous. 

Following the cross-linking process, the membrane was removed carefully from the surface 

and immersed in de-ionized (DI) water (18.2 MΩ cm). Five materials, with different ratios of the 
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co-monomers (Figure 4.2), were prepared using this process. The mass composition of the pre-

polymerization solution used to prepare the co-polymers was used to distinguish the materials, and 

Fourier-transform infrared (FT-IR) spectroscopy (see Supplementary Information and Figure 4.S1) 

suggests that the pre-polymerization solution composition is representative of the composition of 

these cross-linked networks. All materials were stored in DI water until use.  

 

Figure 4. 2. The co-monomer content of the co-polymer was systematically varied (by adjusting the composition of 

the pre-polymerization solution used to prepare the co-polymers) to probe the influence of hydroxyl group 

configuration on the salt transport properties of the five HEMA:GMA:GMAOH materials considered. The 

nomenclature on the horizontal axis corresponds to the pre-polymerization solution mass composition. 

4.2.2 Methods 

 
4.2.2.1 Water uptake 
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After an initial equilibration period of at least 48 hours, samples were removed from the 

DI water. Residual surface water was wiped from the film, and the wet sample mass, 𝑚𝑤, was 

measured immediately thereafter. Samples were subsequently dried under vacuum at 22 ± 1 ºC 

(ambient temperature) for at least 48 hours to remove sorbed water. After drying, samples were 

removed quickly from the oven, and the dry mass, 𝑚𝑑, of the sample was measured.  Pure water 

uptake, 𝑤𝑢, was calculated as: 

𝑤𝑢 =
𝑚𝑤 − 𝑚𝑑

𝑚𝑑
 (4.1) 

 Dry polymer density, 𝜌𝑝, was measured immediately after the dry mass measurement using 

an Archimedes’ principle method [26-28, 37, 38]. The dry polymer density, 𝜌𝑝, was calculated as: 

𝜌𝑝 =
𝑚𝑎𝑖𝑟

𝑚𝑎𝑖𝑟 − 𝑚𝑎𝑢𝑥

(𝜌𝑎𝑢𝑥 − 𝜌𝑎𝑖𝑟) + 𝜌𝑎𝑖𝑟 (4.2) 

where 𝑚𝑎𝑖𝑟  was the sample mass measured in air, 𝑚𝑎𝑢𝑥  was the sample mass measured in an 

auxiliary liquid, 𝜌𝑎𝑢𝑥 was the auxiliary liquid density, and 𝜌𝑎𝑖𝑟 was the air density. Cyclohexane 

was chosen as the auxiliary liquid [26-28], and the cyclohexane density was evaluated at the 

measurement temperature [39, 40]. The cyclohexane uptake by all of the materials considered was 

measured to be less than 2% (by mass) over a 12 hour period of time, which is considerably longer 

than the approximately 30 sec density measurement. 

Assuming volume additivity between sorbed water and polymer [4, 41], the volume 

fraction of water sorbed in the polymer, 𝜙𝑤, was determined as [4]: 

𝜙𝑤 =
𝑤𝑢

𝑤𝑢 +
𝜌𝑤
𝜌𝑝

 (4.3) 
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where 𝜌𝑤  was taken as the density of water (1.0 g/cm3 [39]). The value of 𝜙𝑤  is effectively 

equivalent to the water sorption coefficient, 𝐾𝑤, which is defined as the ratio of the concentration 

of water in the polymer to that in the bulk external solution [4, 5, 21, 22]. 

4.2.2.2  Salt sorption 

The partitioning of salt from an external solution into the polymer was characterized using a 

desorption method [20]. First, samples were equilibrated with 0.5 mol/L sodium chloride (NaCl) 

solution for at least 3 days. This equilibration time was well in excess of the characteristic time for 

salt diffusion, which was conservatively estimated as film thickness squared divided by measured 

salt permeability [20, 42], in these materials. After equilibration, samples were removed from the 

salt solution, the residual surface solution was wiped quickly using laboratory wipes, sample 

thickness was measured using digital calipers (Mitutoyo, Item # 293-344), sample diameter was 

measured, and the sample was placed in 20 mL of DI water to allow sorbed salt in the sample to 

desorb from the polymer. The salt sorption coefficient, 𝐾𝑠, which is defined as the ratio of the salt 

concentration in the polymer relative to the salt concentration of the external solution in 

equilibrium with the polymer [20], was calculated as: 

𝐾𝑠 =
𝐶𝑠

𝑚

𝐶𝑠
𝑠 =

𝐶𝑑𝑉𝑑

𝐶𝑠
𝑠𝑉𝑝

 
(4.4) 

where 𝐶𝑠
𝑚 is the salt concentration in the polymer, 𝐶𝑠

𝑠 is the salt concentration in the initial external solution 

(i.e., 0.5 mol/L NaCl), 𝐶𝑑 is the final salt concentration in the desorption solution, 𝑉𝑑 is the desorption 

solution volume, and 𝑉𝑝  is the volume of the hydrated polymer sample, which was determined 

geometrically using the average thickness and diameter of the circular sample coupon. 

4.2.2.3 Salt transport 
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Salt permeability was characterized using a custom-built diffusion cell apparatus consisting 

of two jacketed chambers (i.e., donor and receiver chambers) that were separated by the sample. 

Silicone rubber gaskets were used to tightly seal the sample into the cell (i.e., to prevent leaks from 

the donor and/or receiver chambers). The donor chamber was filled with 100 mL of 0.5 mol/L 

NaCl solution, and the receiver chamber was filled with 100 mL of DI water. These solutions were 

stirred at a rate of 360 rpm using overhead mechanical stirrers to keep the solutions well mixed 

and minimize boundary layer effects.  

The conductivity of the receiver chamber solution was recorded as a function of time using 

a conductivity meter (Cond 7310, WTW), and the solution temperature was maintained at 25C 

by circulating water through the chamber jackets using a water circulator with a temperature 

controller [43]. Conductivity was subsequently converted to salt concentration via a calibration 

curve. Salt permeability, 𝑃𝑠, was modeled as one-dimensional transient Fickian diffusion and was 

determined via a linear regression of the time-dependent salt concentration data in the form [26, 

31, 43]: 

 
−

𝑉𝐿 

2𝐴
ln (1 − 2

𝐶𝑅(𝑡)

𝐶𝐷(0)
) = 𝑃𝑠𝑡 (4.5) 

where 𝑉 is the volume of liquid (i.e., salt solution or DI water) in the donor and receiver chambers, 

𝐴 is the sample area available for transport, 𝑡 is time, 𝐶𝑅(𝑡) is the salt concentration in receiver 

chamber at time 𝑡, and 𝐶𝐷(0) is the initial salt concentration in donor chamber (at 𝑡 = 0). The 

measured salt permeability and salt sorption coefficients were used to calculate the apparent salt 

diffusion coefficient, 𝐷𝑠, as [4, 5, 21, 22]: 

 
𝐷𝑠 =

𝑃𝑠

𝐾𝑠
 (4.6) 
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4.2.2.4 Microwave dielectric spectroscopy 

Hydrated polymer dielectric permittivity properties were characterized as the frequency-dependent 

relative complex permittivity, 𝜀∗ [44, 45], using a Keysight N9928A vector network analyzer (VNA) [23]. 

S-parameters, related to the relative complex permittivity, were measured over a frequency range of 450 

MHz to 20 GHz using the VNA [23]. Analysis software interpreted the measured S-parameters as the 

relative complex permittivity properties of the samples [21, 23, 46]. The VNA calibration and S-parameter 

analysis were performed as described previously [23]. The real part of the relative complex permittivity 

was the relative permittivity, 𝜀′ , (often referred to as the dielectric constant) of the sample, and the 

imaginary part of the relative complex permittivity was the dielectric loss, 𝜀′′, of the sample [44].  

A 5 cm long and 3.5 mm diameter coaxial transmission line or waveguide (Maury Microwave, 

catalog number 8043S5) was used as the sample holder. Shielded coaxial cables (Keysight Technologies, 

catalog number N9910X0-708) were used to connect the VNA and the transmission line. Co-polymer 

samples were carefully cut, using a razor blade, into small rectangular-shaped strips that were 

approximately 0.5 cm wide, and these strips were carefully and tightly wrapped around the inner conductor 

of the transmission line until sufficient polymer was wrapped to fill the annular space of the transmission 

line with the absence of air gaps.  

4.2.2.5 State of water analysis 

Differential scanning calorimetry (DSC, TA Instruments Q1000) was used to characterize 

the state of water sorbed in the materials. First, DI water equilibrated samples were loaded in well-

sealed hermetic aluminum pans, which prevented water loss during the experiment. The samples 

were quenched to –70 °C in the DSC instrument and then scanned once from –70 °C to 90 °C at a 

heating rate of 10 °C/min. The DSC sample chamber was continuously purged with dry nitrogen 

during the experiment [26, 27, 47].  
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The results were analyzed to quantify the relative amounts of freezable (i.e., bulk-like, or 

weakly bound water) and non-freezable water (i.e., strongly bound water) in the co-polymer [23, 

48-56]. Freezable, 𝑤𝑓, and non-freezable, 𝑤𝑛𝑓, water content were calculated as: 

 
𝑤𝑓(%) =

𝑚𝑓

𝑚𝑑
× 100% =

∆𝐻𝑝𝑜𝑙𝑦𝑚𝑒𝑟

∆𝐻𝑚,𝐻2𝑂
°

× (𝑤𝑢 + 100) 
(4.7) 

 𝑤𝑛𝑓(%) = 𝑊𝑐 − 𝑊𝑓 (4.8) 

where 𝑚𝑓 was the freezable water mass in the co-polymer, ∆𝐻𝑝𝑜𝑙𝑦𝑚𝑒𝑟 was the enthalpy of melting 

in the co-polymer determined by integrating the water melting peak (at 0 °C) measured using DSC, 

and ∆𝐻𝑚,𝐻2𝑂
°  was the enthalpy of melting for water (333.5 J/g) [56]. 

4.3 Results and discussion 

4.3.1 Water uptake 

The primary goal of this study was to determine the influence of hydroxyl group 

configuration on salt transport properties. To accomplish this goal, five HEMA:GMA:GMAOH 

materials were prepared with different ratios of HEMA and GMAOH (Figure 4.2), which have 

different numbers of hydroxyl groups (Figure 4.1). As polymer water content critically affects the 

salt transport properties of hydrated polymers [4, 31], it was important to prepare the materials 

used in this study such that the water content of all of the materials was statistically equivalent. By 

doing so, transport property differences between the materials can be ascribed to changes in the 

functional group configuration of the polymer without needing to consider the effect of changing 

water content. 

Over the range of co-monomer compositions considered, a series of materials were 

prepared such that the water uptake and water sorption coefficient properties were statistically 
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indistinguishable (Table 4.1). As the HEMA content of the co-polymer increased (and the 

GMAOH content of the co-polymer decreased), the overall hydroxyl group content in the co-

polymer decreased by approximately 8%. We also observed similar dry density values for all co-

polymers (Table 4.1), suggesting that the changing of functional group orientation does not 

significantly affect chain packing in the materials. As the HEMA content of the co-polymer 

increases, the cross-link density likely decreases to a small extent (estimated to be approximately 

7% using the molar composition of the polymer [57]) to offset the small decrease in hydroxyl 

group content and yield a series of materials that have statistically indistinguishable water content 

(Table 4.1). It is also possible, however, that differences in the intrinsic hydrophilicity of the 

HEMA and GMAOH co-monomers may contribute to this balance. The water uptake of HEMA 

is reported to be 0.60 g(water)/g(dry polymer), and GMAOH is reported to be water soluble [26, 

33]. Additionally, molar enthalpy of mixing data for mixtures of water and either ethanol [58] or 

1,2-propanediol [59], which are representative of the HEMA and GMAOH side chains, 

respectively, suggest that mixing of water and 1,2-propanediol is more thermodynamically favored 

compared to the situation for water and ethanol. If ethanol and 1,2-propanediol are taken to be 

representative of the side chains of HEMA and GMAOH, respectively, these results suggest that 

mixing of water and GMAOH may be more thermodynamically favored compared to that of water 

and HEMA [57]. Both analyses suggest that the GMAOH side chain is more hydrophilic compared 

to the HEMA side chain. Subsequent transport property data will be discussed within the 

framework of the co-monomer composition and hydroxyl group content of the co-polymer.  
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Table 4. 1. Water content and dry polymer density data measured at 22 ± 1 °C. Water content measurements were 

made on samples initially equilibrated with DI water. The water sorption coefficient, 𝐾𝑤, was taken as equivalent to 

the volume fraction of water in the material, which was calculated using Equation 3. Co-polymer composition is 

reported as in Figure 4.2. The uncertainty was taken as one standard deviation from the mean of three 

measurements. 

HEMA:GMA:GMAOH 

Composition (by mass) 

Water Uptake 

[g(water)/g(dry 

polymer)] 

Dry Density 

(g/cm3) 
𝐾𝑤 

Hydroxyl Group 

Content 

[meq(-OH)/g(dry 

polymer)] 

0:60:40 0.24 ± 0.02 1.29 ± 0.02 
0.23 ± 

0.01 
5.0 

15:55:30 0.24 ± 0.01 1.30 ± 0.03 
0.24 ± 

0.01 
4.9 

30:50:20 0.24 ± 0.01 1.27 ± 0.01 
0.23 ± 

0.01 
4.8 

45:45:10 0.23 ± 0.01 1.27 ± 0.01 
0.23 ± 

0.01 
4.7 

60:40:0 0.23 ± 0.01 1.26 ± 0.02 
0.23 ± 

0.01 
4.6 

 

4.3.2 Salt transport properties 

As the HEMA content of the polymer increases and the GMAOH content of the polymer 

decreases, the configuration of hydroxyl groups on the polymer side chains shifts from a vicinal 

diol-rich material (when the GMAOH content is high compared to HEMA) to a material where 

most side chains contain a single hydroxyl group (when the HEMA content is high compared to 

GMAOH). Therefore, we were able to use the HEMA:GMA:GMAOH materials to study the 

influence of hydroxyl group distribution on salt transport properties without concern for changing 

water content (as the water content of the HEMA:GMA:GMAOH series of materials was 

equivalent, Table 4.1). Salt transport properties can be engineered by controlling the molecular 

distribution of hydroxyl groups within the polymer, and this observation may have implications 

for molecular design of desalination membrane materials. 
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The co-monomer content of the materials was varied by adjusting the mass composition of 

the co-monomers in the pre-polymerization solution used to prepare the co-polymers. While 

Fourier transform infrared (FT-IR) spectroscopy (see Supplementary Information) indicates that 

the co-polymer composition reflects the pre-polymerization solution composition, the similar 

chemistry and cross-linked network architecture of the co-polymers impedes quantitative 

measurement of the co-polymer composition. The hydroxyl group content, reported in Table 4.1, 

was calculated from the pre-polymerization solution composition under the assumption that the 

pre-polymerization solution composition translates directly into the co-polymer composition.  

While the hydroxyl group content of the co-polymers may vary slightly over the 

compositional range considered (as suggested in Table 4.1), we expect this change to be small in 

light of the expected changes in co-monomer composition. The pre-polymerization solution 

composition is given by mass, but the molar composition is more representative of the distribution 

of hydroxyl groups. For example, in the HEMA:GMA:GMAOH 60:40:0 sample, 62% (by mole) 

of the side chains have a single hydroxyl group. By comparison, the HEMA:GMA:GMAOH 

0:40:60 sample has 37% (by mole) side chains that contain two hydroxyl groups. As such, the 

hydroxyl groups are highly localized in the HEMA:GMA:GMAOH 0:40:60 sample compared to 

the HEMA:GMA:GMAOH 60:40:0 sample. While we recognize the possibility for small 

variations in cross-link density and/or hydroxyl group content of the co-polymers, we believe that 

the configuration of the hydroxyl groups in the co-polymers primarily influences the resulting 

material properties, and the subsequent discussion is focused accordingly. 
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4.3.2.1 Salt sorption 

Increasing the HEMA content, while simultaneously reducing the GMAOH content of 

HEMA:GMA:GMAOH, drives a reduction in the salt sorption coefficient or an increase in the ability of 

the polymer to exclude salt (Table 4.2). In many hydrated polymers, salt sorption coefficients tend to vary 

proportionally with the water content of the polymer (i.e., 𝐾𝑠 typically increases as 𝐾𝑤 increases) [4, 19, 

31]. The cross-linked hydrogel data in Figure 4.3 illustrate this type of relationship. Engineering the 

molecular position of the functional groups in the HEMA:GMA:GMAOH materials, however, allows 

access to different salt sorption properties without changing the water content of the polymer (Figure 4.3). 

Table 4. 2. Salt transport property data for the series of HEMA:GMA:GMAOH materials. The salt sorption 

coefficient measurements were made at 22 ± 1 °C using sample that initially had been equilibrated with 0.5 mol/L 

NaCl. Salt permeability was measured at 25 ± 0.2 °C using an upstream salt concentration of 0.5 mol/L NaCl. For 

each experimentally determined value, the uncertainty was taken as one standard deviation from the mean of three 

measurements. The apparent salt diffusion coefficient was calculated from the measured salt sorption and salt 

permeability coefficients using Equation 6, and standard propagation of error [60] was used to estimate the 

uncertainty in the salt diffusion coefficient. Co-polymer composition is reported as in Figure 4.2. 

 

HEMA:GMA:GMAOH 

Composition (by mass) 

𝐾𝑠 

𝑃𝑠  

(x 10-9 cm2/s) 

𝐷𝑠  

(x 10-8 cm2/s) 

0:60:40 0.118 ± 0.004 16.2 ± 0.6  13.7 ± 0.1 

15:55:30 0.104 ± 0.004 11.6 ± 0.4 11.2 ± 0.1 

30:50:20 0.097 ± 0.001 8.7 ± 0.1 9.0 ± 0.1 

45:45:10 0.090 ± 0.002 7.0 ± 0.1 7.8 ± 0.1 

60:40:0 0.080 ± 0.002 6.0 ± 0.1 7.5 ± 0.1 
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Figure 4. 3. Salt sorption coefficient data as a function of the water sorption coefficient for HEMA:GMA:GMAOH 

(this study, ) and hydrogels ( ) [31]. The dashed line on this parity plot indicates the border between salt 

exclusion from the polymer (points below the line) and salt enrichment in the polymer (points above the line). For 

HEMA:GMA:GMAOH, the HEMA co-monomer composition of the pre-polymerization solution used to prepare 

each co-polymer is reported for each data point. 

 

This result may suggest that adjusting the distribution of a given functional group within a 

polymer can have a pronounced influence on salt sorption properties. The observed change in the 

salt sorption coefficient without a corresponding change in water content suggests that the change 

in functional group configuration affects the thermodynamic environment of the hydrated polymer. 

As discussed subsequently, we believe that the observed salt sorption properties are highly related 

to changes in the hydrogen bonding environment within the co-polymer, which can be probed via 

DSC and microwave dielectric spectroscopy measurements. 
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4.3.2.2 Salt permeability and diffusivity 

To further explore the influence of hydroxyl functional group configuration on salt 

transport, we characterized the salt permeability of the HEMA:GMA:GMAOH materials. Similar 

to the salt sorption coefficient observations (Figure 4.3), the salt permeability decreased as the 

HEMA content of the co-polymer increased (Figure 4.4A). This decrease in salt permeability, Ps, 

is related to the observed decrease in the salt sorption coefficient, Ks, by the solution-diffusion 

model where 𝑃𝑠 = 𝐾𝑠  ×  𝐷𝑠 (i.e., Equation 6) [21].  

 

 

Figure 4. 4. Salt permeability (A) and apparent salt diffusion (B) coefficients as a function of inverse water sorption 

coefficient for HEMA:GMA:GMAOH (this study, ) and hydrogels ( ) [31]. For HEMA:GMA:GMAOH, the 

HEMA co-monomer composition of the pre-polymerization solution used to prepare each co-polymer is reported for 

each data point. The dashed lines are drawn to guide the eye for the hydrogel data. The uncertainty in the data for 

the HEMA:GMA:GMAOH materials is within the size of the data points. 

 

Unique to this study is the fact that the observed changes in salt sorption and permeability 

occur at a fixed water content. Several studies have established that water content has a significant 

impact on salt sorption and permeability properties (e.g., the open symbols in Figures 4.3 and 4.4) 



120 

 

[4, 5, 31]. Our results, however, suggest that the functional group configuration of a polymer (not 

simply water content alone) can be used to control salt sorption and permeability properties, and 

this observation suggests new opportunities for membrane science. 

Free volume theory provides a framework to explain the dashed line relationships shown 

in Figure 4.4 [4, 31, 61]. Yasuda proposed a free volume-based model where the water content of 

the polymer was taken to be proportional to the polymer free volume [31]. This model suggests 

that the natural logarithms of both the permeability and diffusion coefficients should scale with 

inverse water content provided that water content is a proxy for free volume and that transport can 

be described by the free volume model [31]. As such, the natural logarithm of salt permeability 

and diffusion coefficients tend to decrease linearly with the inverse water sorption coefficient (i.e., 

1/𝐾𝑤). An example of this relationship is illustrated in Figure 4.4A where the salt permeability of 

several uncharged hydrogels decrease with 1/𝐾𝑤. One implication of this model is that movement 

along the dashed line in Figure 4.4A indicates that salt permeability is changing in response to 

changes in free volume brought about by water content changes in the polymer, i.e., other polymer 

compositional effects are secondary.  

In the HEMA:GMA:GMAOH materials considered in this study, the water content of all 

5 samples is statistically indistinguishable, so the observed decrease in salt permeability as HEMA 

content increases is due to factors other than water content. As such, the HEMA:GMA:GMAOH 

data points in Figure 4.4A move vertically downward as HEMA content increases and not along 

the dashed line, as would be expected if water content was driving the changes in permeability. 

This unique behavior is a result of changing the functional group configuration within the polymer. 

A similar trend is observed when the salt sorption and permeability coefficients are used 

to calculate apparent salt diffusion coefficients that can also be plotted versus 1/𝐾𝑤 (Figure 4.4B). 
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We observed a decrease in the apparent salt diffusion coefficient as HEMA content increased at 

equivalent water content (Table 4.1, Figure 4.4B), and the decrease was 1.5 times less than the 

decrease in salt permeability for these HEMA:GMA:GMAOH materials. This result is expected 

because the decrease in both salt sorption and diffusion coefficients contribute to the overall 

decrease in salt permeability, according to the solution-diffusion model (𝑃𝑠 = 𝐾𝑠  ×  𝐷𝑠).  

Additionally, we compared the apparent salt diffusion coefficients of 

HEMA:GMA:GMAOH to those values for other cross-linked hydrogels [31]. At similar water 

content values (i.e., similar values of 1/𝐾𝑤), the magnitudes of the salt diffusivity are similar 

among these chemically similar materials (Figure 4.4B). This observation suggests that molecular 

motions are similarly facilitated by comparable amounts of sorbed water in these materials. 

The hydroxyl group configuration in the HEMA:GMA:GMAOH materials influences salt 

sorption, diffusivity, and permeability. Investigating this effect using materials of comparable 

water content reveals unique structure property relationships. Distributing the hydroxyl groups 

more evenly throughout the polymer (i.e., on the HEMA side chain versus the vicinal diol of the 

GMAOH side chain) appears to suppress salt sorption and diffusion coefficients. This result may 

suggest more broadly that distributed hydrophilic functionality may be advantageous for 

desalination membrane materials. 
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4.3.3 Microwave dielectric spectroscopy 

To further explore the underpinnings of the salt transport property results discussed in the 

previous section, we characterized the dielectric properties of the hydrated 

HEMA:GMA:GMAOH co-polymers. We performed the analysis in the microwave frequency 

range where dipolar relaxation motions of water molecules can be probed [45, 62-66]. The relative 

permittivity properties of these materials provide insight into the thermodynamic environment of 

the polymer and, thus, salt sorption properties [19, 24, 25, 67-71]. 

We fit the HEMA:GMA:GMAOH relative permittivity data (Figure 4.5) to a single Debye 

relaxation process to determine the static permittivity (i.e., static dielectric constant) of the material 

[23, 72]. Though the single Debye relaxation model is likely an oversimplified description of 

dipolar relaxations in these hydrated polymers (i.e., agreement between the data and the single 

Debye relaxation is not perfect), this approach provides a uniform method to approximate the static 

permittivity properties (i.e., the value of the 𝜀′ plateau at low frequency) of the materials [23]. The 

static permittivity is useful for quantifying the extent of water dipole relaxation and for modeling 

ion sorption thermodynamics in hydrated polymers [19, 23, 24]. 
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Figure 4. 5. Frequency-dependent relative permittivity, 𝜀′, data for the HEMA:GMA:GMAOH co-polymers. The 

data sets are labeled with the HEMA co-monomer composition of the pre-polymerization solution used to prepare 

each co-polymer. Dashed curves are a single Debye relaxation fit to the measured data. All measurements were 

made at 22 ± 1 °C, and the uncertainty was taken as one standard deviation from the mean of three measurements. 

 

The single Debye relaxation fitting process revealed that the static permittivity values of 

the HEMA:GMA:GMAOH materials decreased from 11.0, 10.0, 9.9, 9.1, to 8.1 as HEMA content 

increased from 0, 15, 30, 45, to 60 %. It is important to note, again, that the water content of all of 

the co-polymers was statistically indistinguishable. This result is consistent with previous work 

suggesting that polymer chemistry (and not water content alone) plays an important role in 

determining the dielectric properties of hydrated polymers [23]. 
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The observed decrease in the magnitude of the relative permittivity and the regressed static 

permittivity properties as the HEMA content of the co-polymer increased could be interpreted as 

a reduction in the dielectric constant of the co-polymer as HEMA content increases. Consistent 

with electrostatic theory, lower dielectric constant materials often exclude salt to a greater extent 

than higher dielectric constant materials [19, 23]. As such, the relative permittivity data shown in 

Figure 4.5 are qualitatively consistent with the salt sorption data reported in Table 4.2 as the 

relative permittivity and salt sorption coefficient decreased as the HEMA content of 

HEMA:GMA:GMAOH increased.  

Another molecular interpretation of the data in Figure 4.5 is that dipolar relaxation 

processes are weaker, or less energy is dissipated during the dipolar relaxations, in materials that 

contain more HEMA co-monomer. We believe this result may suggest that transitioning from a 

vicinal diol-based co-polymer to a system where hydroxyl groups are more distributed throughout 

the polymer matrix may have the effect of slowing water molecule motions within the hydrated 

co-polymer. This result is also consistent with the observed reduction in salt diffusion coefficient 

values as the HEMA content of the co-polymer increases (Figure 4.4B).  

4.3.4 State of water analysis 

The dielectric permittivity data discussed in the previous section suggest that different 

states of water may exist within the co-polymers and mobility of sorbed water in each sample may 

be affected by the configuration of hydroxyl groups in the polymer. Several studies have 

investigated the state of water in hydrated polymers [23, 48-55, 64, 73]. Many of these studies use 

differential scanning calorimetry to quantify the state of water in hydrated polymers, and we 

applied that approach to the HEMA:GMA:GMAOH materials. 
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All of the thermograms for the HEMA:GMA:GMAOH co-polymers (Figure 4.6) indicated 

the presence of freezable sorbed water (i.e., we observed a melting transition at 0 °C for each 

material). We calculated the amount of freezable and non-freezable water sorbed in the co-

polymers, and freezable water content decreased from 2.3 to 0.9 % as HEMA content increased 

(Table 4.3). Non-freezable water content remained similar among all of the co-polymers (Table 

4.3) presumably because the concentration of hydroxyl groups only decreased slightly as HEMA 

content increased (Table 4.1).  

 

Figure 4. 6. Differential scanning calorimetry (DSC) thermograms for the hydrated GMA:HEMA:GMAOH 

materials. The HEMA co-monomer composition of the pre-polymerization solution used to prepare each co-polymer 

is reported for each data set. 
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Table 4. 3. The distribution of freezable and non-freezable water in the HEMA:GMA:GMAOH materials was 

calculated using water uptake (Table 4.1) and DSC data. The sum of 𝑤𝑓 and 𝑤𝑛𝑓 is equivalent to the total water 

uptake of the material. The co-polymer composition is reported as in Figure 4.2. 

 

HEMA:GMA:GMAOH 

Composition (by mass) 

𝑊𝑓 (%) 𝑊𝑛𝑓 (%) 

0:60:40 2.3 21.2 

15:55:30 1.9 22.3 

30:50:20 1.8 21.7 

45:45:10 1.2 22.3 

60:40:0 0.9 22.4 

 

State of water analysis suggests that materials with more HEMA had less freezable water 

than the materials containing more GMAOH. As such, the more distributed hydroxyl group 

configuration in the HEMA-rich materials may promote stronger water-polymer interactions. 

These interactions could reduce the likelihood of forming water clusters that contain freezable (or 

bulk-like) water; such clusters may be more favorable in the vicinal diol-rich materials that contain 

more GMAOH compared to HEMA. Formation of such bulk-like water clusters may reduce 

transport selectivity, so engineering materials to have more distributed functional groups 

throughout the polymer matrix may favor transport selectivity, which is critical for desalination 

applications [11, 57]. 

The decrease in the HEMA:GMA:GMAOH apparent salt diffusion coefficient with 

increasing HEMA content (Figure 4.4B) may be the result of less freezable water (i.e., bulk-like 

water) clustering around the hydroxyl groups in the HEMA-rich materials. To illustrate this point, 

we calculated the freezable (i.e., bulk-like) water content per equivalent of hydroxyl group in the 
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co-polymers, and increasing the HEMA content of the pre-polymerization solution from 0% to 60% 

by mass caused the amount of freezable water, in the co-polymer film, per equivalent of hydroxyl 

group to decrease by more than a factor of 2 (See the Supplementary Information for additional 

details). This result suggests that freezable water content may be suppressed by preparing polymers 

with more distributed hydrophilic functional groups. Such a situation could also result in more 

tortuous transport pathways [23, 74], which could impact salt diffusivity properties. 

Additionally, the state of water results are consistent with the dielectric permittivity 

analysis (Figure 4.5) as they provide quantitative insight into the lower static permittivity of higher 

HEMA content materials. A more evenly distributed hydroxyl group configuration may allow 

water to interact with the polymer backbone to a greater extent, and this situation could reduce 

freezable water content compared to the situation where hydroxyl groups are situated closer 

together (i.e., the GMAOH-rich materials). In other polymers, freezable water content and relative 

permittivity properties appear to be related [23], so the simultaneous reduction in freezable water 

content and relative permittivity observed in these materials, as HEMA content increases, is 

consistent with previously observed phenomena. 

This study focused on salt transport properties, but water transport properties are also 

important for desalination applications. The water permeability, like salt permeability, can be 

described using the solution diffusion model (i.e., water permeability is taken as the product of the 

water sorption coefficient and an apparent water diffusion coefficient) [21, 22]. The slowing of 

water molecule motions, suggested by the dielectric permittivity data and state of water analysis 

presented here, cause a decrease in the apparent water diffusion coefficient reported in a separate 

study [57]. Importantly, however, the water sorption coefficient (unlike the salt sorption coefficient) 

remains constant as the HEMA content of the co-polymer increases. Therefore, the salt 
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permeability decreases to a greater extent than the water permeability. As such, the water/salt 

selectivity, which is coupled to salt rejection and important for desalination applications, increases 

as the co-polymer composition shifts from the vicinal diol-rich material to the HEMA-rich co-

polymer with more evenly distributed hydroxyl groups [57]. 

4.4 Conclusions 

The molecular configuration of hydroxyl groups in a series of equivalent water content 

methacrylate-based HEMA:GMA:GMAOH co-polymers influences salt transport properties. 

Shifting from a vicinal diol-rich hydroxyl group configuration (GMAOH-rich co-polymer) to a 

configuration where only a single hydroxyl group is present on the co-polymer side chain (HEMA-

rich co-polymer) leads to a reduction in salt sorption and permeability coefficients, which is 

favorable for desalination membrane applications. The observed reduction in salt sorption as the 

HEMA content of the co-polymer increases is consistent with a simultaneous reduction in the 

relative permittivity (or dielectric constant) and the freezable water content of the hydrated co-

polymer. A reduction in the apparent salt diffusion coefficient as the HEMA content of the co-

polymer increases is also consistent with a hydrogen bonding environment where water molecules 

interact to a greater extent with the polymer backbone, and both of these conditions are consistent 

with the observed reduction in relative permittivity and freezable water content as the HEMA 

content of the co-polymer increased. These results suggest that salt transport properties can be 

engineered by exercising molecular control over functional group position in hydrated polymers. 

The results suggest that a more distributed functional group configuration may facilitate low rates 

of salt transport, which could be a viable strategy for preparing water/salt selective polymers for 

desalination membrane applications. 
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Chapter 5 Engineering Selective Desalination Membranes via Molecular Control of 

Polymer Functional Groups4 

5.1 Introduction 

Meeting global demand for clean water is a pressing engineering challenge.[1] Membrane-

based technologies are used widely to desalinate water, and more efficient membranes are 

needed to meet growing demand for purified water from increasingly contaminated and/or saline 

water.[2-6] Water purification membranes are generally polymeric, and highly selective 

membranes are needed to meet the growing separation challenges in desalination technologies 

including reverse osmosis and nanofiltration.[6-10] The selective properties of these desalination 

membranes result from the preferential transport of water relative to hydrated ions.[11] 

Engineering highly selective materials has been frustrated by a lack of fundamental structure-

property relationships to guide the design of advanced polymer membranes to address global 

water needs. 

The ability to precisely place functional groups along a polymer backbone, with a high 

degree of molecular control over functional group position, is becoming increasingly viable.[12, 

13] This structural control, facilitated by advances in synthesis capabilities, could be important 

for engineering advanced desalination membranes. Little is known, however, about how 

functional group placement within a polymer influences water/salt selectivity. 

We report the desalination (i.e., water/salt) selectivity properties of a series of model 

materials where the distribution of hydroxyl functional groups along the polymer backbone was 

varied from a clustered to a more uniform configuration. Importantly, this series of materials was 

 
4 This chapter is already published and available from: Luo, H., Chang, K., Bahati, K., & Geise, G. M. (2019). 

Engineering selective desalination membranes via molecular control of polymer functional groups. Environmental 

Science & Technology Letters, 6(8), 462-466. 
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prepared such that the membrane water content did not change as the distribution of the hydroxyl 

groups changed. Membrane water content has a significant influence on water/salt selectivity 

properties,[9, 14] so the ability to vary the distribution of functional groups within the material 

without perturbing the water content enabled us to ascribe the observed results to changes in the 

functional group configuration.  

Shifting the functional group configuration to space the hydroxyl groups out more evenly 

(compared to the more clustered configuration) resulted in increased water/salt permeability 

selectivity, which is directly related to desalination-critical salt rejection.[11] This increase in 

selectivity was largely driven by sorption, or thermodynamic, effects. The results suggest that an 

even distribution of hydrophilic chemical functionality in polymers may lead to more selective 

membranes to address global demand for desalinated water. 

5.2 Materials and Methods 

5.2.1 HEMA:GMA:GMAOH Co-Polymers 

Five co-polymers containing 2-hydroxyethyl methacrylate (HEMA), glycidyl methacrylate 

(GMA), and glycerol methacrylate (GMAOH) co-monomers and cross-linked using 

poly(ethylene glycol) dimethacylate (PEGDMA) were prepared via UV-initiated free radical 

polymerization. These model materials are chemically different from the aromatic polyamide-

based membranes commonly used in reverse osmosis and nanofiltration membranes.[15] The 

structure of these materials (i.e., the choice of co-monomers) was chosen to enable preparation of 

a series of materials where the distribution of hydrophilic functional groups (in this case, 

hydroxyl groups) could be varied by changing the composition of the co-polymer without 

changing the water content of the polymer. 
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 The hydroxyl group distribution in the co-polymer was varied by changing co-monomer 

composition of the pre-polymerization solution used to prepare the materials (Table 5.1). The 

sample nomenclature, HEMA:GMA:GMAOH x:y:z, reflects the composition (by mass) of the 

pre-polymerization solution used to prepare that material (e.g., 15:55:30 was prepared from a 

pre-polymerization solution containing 15%, 55%, and 30%, by mass, of HEMA, GMA, and 

GMAOH, respectively). The PEGDMA cross-linker and initiator (1-hydroxycyclohexyl phenyl 

ketone) were added to the co-monomer solution at compositions of 0.1 and 0.01 g/g(total co-

monomer), respectively, to form the pre-polymerization solution, which was stirred for 30 min at 

room temperature to ensure the solution was well-mixed. The pre-polymerization solution was 

degassed (via sonication for 10 min), confined between quartz plates (separated by spacers to 

control film thickness), and irradiated, for 5 min, with 120 µJ/cm2 of 312 nm light to form 

transparent and homogeneous polymer films that were approximately 100 m thick. The 

chemical structure and additional information about the co-polymers are reported in Section S1 

of the Supporting Information. 

Table 5. 1 Co-monomer mass fraction in the pre-polymerization solution used to prepare the 

HEMA:GMA:GMAOH co-polymers defines the sample nomenclature. The water uptake and dry density data were 

measured at ambient temperature, and the water sorption coefficient, 𝐾𝑤, was calculated using the water uptake and 

dry polymer density. Uncertainty in the measured data is one standard deviation from the mean of at least three 

measurements, and the uncertainty in the water sorption coefficient was calculated using standard propagation of 

error.[16]  

 

Co-

Polymer 

Sample 

Co-Monomer Mass Fraction in 

the 

Pre-Polymerization Solution 

Water 

Uptakea 

Dry Polymer 

Density 

(g/cm3) 

𝑲𝒘 

HEMA  GMA  GMAOH  

0:60:40 0.0 0.60 0.40 0.24 ± 0.02 1.29 ± 0.02 0.23 ± 0.01 

15:55:30 0.15 0.55 0.30 0.24 ± 0.01 1.30 ± 0.03 0.24 ± 0.01 



137 

 

30:50:20 0.30 0.50 0.20 0.24 ± 0.01 1.27 ± 0.01 0.23 ± 0.01 

45:45:10 0.45 0.45 0.10 0.23 ± 0.01 1.27 ± 0.01 0.23 ± 0.01 

60:40:0 0.60 0.40 0.0 0.23 ± 0.01 1.26 ± 0.02 0.23 ± 0.01 

aUnits: g(water) / g(dry polymer) 

 

5.2.2 Water and Salt Transport Property Characterization 

To characterize the potential desalination performance of the HEMA:GMA:GMAOH co-

polymers, we measured water uptake, salt sorption coefficient, and water and salt permeability 

properties at ambient temperature. Water uptake was combined with dry polymer density to 

calculate the water sorption coefficient, 𝐾𝑤 (Table 1).[17] Water (i → w) and salt (i → s) 

sorption coefficients, 𝐾𝑖, were combined with permeability properties, 𝑃𝑖, to calculate, via the 

solution-diffusion model,[18] apparent diffusion coefficients, 𝐷𝑖, as:[19] 

 𝐷𝑖 = 𝑃𝑖 𝐾𝑖⁄  (5.1) 

At least three measurements, per sample, were made for each property, and the uncertainty in the 

measurement was one standard deviation from the mean. Standard propagation of error was used 

to quantify the uncertainty in calculated quantities.[16] Details about the specific methods used 

to measure water uptake, salt sorption, pure water permeability, salt permeability, and hydrated 

polymer dielectric properties are reported in Section S2 of the Supporting Information. 

 

5.3 Results and Discussion 

Each composition of HEMA:GMA:GMAOH had equivalent water content (Table 1). Water 

content affects the transport (and, thus, desalination) selectivity of hydrated polymers, and 

increases in water content often correlate with decreases in selectivity.[9, 14] Therefore, 
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preparing materials with equivalent water content is critical for decoupling the influence of 

functional group configuration on water/salt transport selectivity from the influence of changing 

water content on water/salt transport selectivity. 

The equivalent water content of this series of HEMA:GMA:GMAOH co-polymers likely 

results from subtle changes in the extent of cross-linking and hydroxyl group content across the 

series of co-polymers. These changes were estimated to be reasonably small, as discussed in 

Section S1.1 of the Supporting Information. Ultimately, maintaining equivalent water content in 

the series of materials was prioritized due to the strong influence of water content on the water 

and salt transport properties of hydrated polymers.[9, 14] 

We compared the HEMA:GMA:GMAOH transport properties to those of cross-linked 

poly(ethylene glycol) diacrylate (PEG) hydrogels, as these materials also preferentially transport 

water over salt via a solution-diffusion mechanism.[20] The water content of these hydrogels can 

be manipulated by changing the ethylene glycol chain length or by adding a diluent to the pre-

polymerization mixture.[20] Thus, the PEG materials illustrate how transport properties change 

with water content to contrast the situation in equivalent water content HEMA:GMA:GMAOH. 

The water/salt transport selectivity is defined as the ratio of water to salt permeability, 𝑃𝑤 𝑃𝑠⁄ , 

sorption 𝐾𝑤 𝐾𝑠⁄ , or diffusion, 𝐷𝑤 𝐷𝑠⁄ , coefficients, and the three selectivity values are related via 

the solution-diffusion model:[9]  

 𝑃𝑤 𝑃𝑠⁄ = (𝐾𝑤 𝐾𝑠⁄ ) × (𝐷𝑤 𝐷𝑠⁄ ) (5.2) 

This water/salt permeability selectivity can be directly related to salt rejection, which is a critical 

characteristic of effective desalination membranes.[11] The salt rejection, R, is defined as the 

salt concentration reduction from the bulk solution on the feed side of the membrane, 𝑐𝑠,𝑓𝑒𝑒𝑑, to 
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the bulk solution on the permeate (or product) side of the membrane normalized by 𝑐𝑠,𝑓𝑒𝑒𝑑 and 

depends on the water/salt permeability selectivity: 

 𝐑 =
𝑐𝑠,𝑓𝑒𝑒𝑑−𝑐𝑠,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝑐𝑠,𝑓𝑒𝑒𝑑
=

𝑃𝑤
𝑃𝑠

𝑉𝑤
𝑅𝑇

(∆𝑝−∆𝜋)

1+
𝑃𝑤
𝑃𝑠

𝑉𝑤
𝑅𝑇

(∆𝑝−∆𝜋)
 (5.3) 

where 𝑉𝑤 is the molar volume of water, ∆𝑝 is the hydraulic pressure difference across the 

membrane, ∆𝜋 is the osmotic pressure difference across the membrane, R is the gas constant, and 

T is the absolute temperature.[9]  

Water/salt permeability selectivity depends on a combination of both water/salt sorption 

and diffusivity selectivity properties (Equation 2). Functional group configuration significantly 

influenced the water/salt sorption selectivity of HEMA:GMA:GMAOH (Figure 5.1A). A 

distributed hydroxyl group configuration (HEMA-rich co-polymer) led to higher sorption 

selectivity compared to a vicinal-diol rich configuration (GMAOH-rich co-polymer), and this 

result can be attributed to more effective exclusion of salt from the HEMA-rich co-polymer 

compared to the GMAOH-rich co-polymer. 

 

      

A

0 

B 
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Figure 5. 1. Water/salt sorption selectivity (A) and water/salt diffusivity selectivity (B) as a function of water 

sorption coefficient and apparent water diffusion coefficient, respectively, for HEMA:GMA:GMAOH ( ) and PEG 

( )[20] materials. For HEMA:GMA:GMAOH, the HEMA co-monomer composition of the pre-polymerization 

solution used to prepare the co-polymer is reported for each data point. The dashed lines represent reported 

empirical sorption (left) and diffusivity (right) trade-off frontiers for desalination membrane materials,[21, 22] and 

the solid lines are least-squares fits to the data. 

 

 Comparing HEMA:GMA:GMAOH water/salt sorption selectivity with that of 

poly(ethylene glycol) diacrylate (PEG) hydrogels, we observed that the HEMA:GMA:GMAOH 

data points move vertically upwards as HEMA content increases in a manner different from the 

PEG materials (Figure 5.1A). The PEG result is expected if water content primarily drives 

sorption selectivity properties.[20] The HEMA:GMA:GMAOH result suggests that polymer 

chemistry, not changing water content, is responsible for the change in sorption selectivity of 

HEMA:GMA:GMAOH. Thus, preparing polymers with a distributed functional group 

configuration may be a viable strategy to increase the water/salt sorption selectivity. 

 The HEMA:GMA:GMAOH materials are approximately an order of magnitude more 

water/salt diffusion selective compared to the PEG materials (Figure 5.1B). This result may be 

due to the glassy nature of hydrated HEMA:GMA:GMAOH compared to the rubbery nature of 

PEG (see Section S1.3 of the Supporting Information).[23] More rigid (glassy) polymer 

backbones are often more diffusion selective compared to more flexible (rubbery) polymer 

backbones.[24-26]   

The apparent water diffusion coefficient decreases and the water/salt diffusivity selectivity 

increases as the co-polymer composition shifts toward a more HEMA rich (or distributed 

hydroxyl group configuration). This observed trend is similar to that observed for PEG. The 

water content of the PEG materials was varied systematically, and the explanation for the 

observed relationship between water/salt diffusivity selectivity and water diffusion coefficient is 

that reduction in the free volume of the polymer (as water content decreases) causes a general 
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reduction in diffusion that influences the larger hydrated ions to a greater extent than water.[20] 

In HEMA:GMA:GMAOH, the change in co-monomer composition (and thus, distribution of 

hydroxyl groups) results in a situation where water diffusion slows as HEMA content increases. 

This reduction in water diffusivity is accompanied by an increase in water/salt diffusion 

selectivity that is similar in proportion to that of PEG. Therefore, changes in water diffusivity, 

due to compositional changes in the HEMA:GMA:GMAOH materials, may influence water/salt 

diffusivity selectivity in a manner similar to that in the free volume-based explanation where 

water diffusion depends strongly on free volume.[9, 14] 

Water/salt diffusivity selectivity is affected to a lesser extent, compared to water/salt sorption 

selectivity, by changing the HEMA content of the pre-polymerization solution. The water/salt 

diffusivity selectivity increases by 26% over the range of HEMA compositions considered. The 

water/salt sorption selectivity, by comparison, increases by 53% over the range of HEMA 

compositions considered. Importantly, the 53% increase in sorption selectivity comes without a 

change in the water sorption coefficient, which as discussed subsequently, means that, as co-

polymer composition changes, the water permeability will not change because of sorption 

effects. 

The decrease in the apparent water diffusivity as the co-polymer composition changes at 

constant water content could be considered unexpected, as diffusivity in hydrated polymers is 

often a strong function of water content.[9, 14, 27-29] Dielectric permittivity properties, 

however, provide insight into the observed water diffusivity. As further discussed in Section S3 

of the Supporting Information, the dielectric loss spectra can be interpreted in terms of time 

constants, which describe the dipole relaxation dynamics of different modes of water motion, 
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and the dielectric strengths of those relaxations, which describe the relative amount of water in 

the material that is participating in each relaxation mode.[30]  

Dielectric spectroscopy suggests three populations of dipolar water motion: highly restricted 

motion that relaxes on an order 0.1 ns timescale, less restricted motion that relaxes with a time 

constant of approximately 45 ps, and non-restricted (i.e., bulk water) motion that relaxes with a 

time constant of 8.8 ps (see Supporting Information for additional discussion). In general, the 

dielectric strength associated with each mode of motion decreases as HEMA content increases 

(Table D1), though the reduction is more pronounced for the non-restricted relaxation mode 

compared to the other two modes. This decrease in the dielectric strength associated with all 

three relaxation modes, coupled with the statistically equivalent water content of the materials, 

suggests that increasing HEMA content promotes water-polymer interactions that relax at 

frequencies lower than that probed in our experiments. 

An example of such interactions would be water that is very tightly associated with the 

hydroxyl groups. Such (effectively immobile) water will not be detected by dielectric 

spectroscopy in the frequency range considered here.[31] As such, the dielectric strength data 

suggests that distributing the hydroxyl groups in the polymer causes more water to tightly 

associate with hydroxyl groups compared to the situation in the vicinal diol-rich materials.  

This molecular picture is consistent with a steric explanation suggesting that water molecules 

may be able to hydrate the hydroxyl group on a HEMA side chain to a greater extent compared 

to the more sterically hindered GMAOH side chain. This explanation is also consistent with 

estimates of the enthalpy of hydration for the hydroxyl groups on the side chains (see Section S4 

of the Supporting Information). Ultimately, this reduction in water motion within the polymer 
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appears to have a similar effect on both water and salt diffusion as reducing the water content of 

the polymer (as supported by the similar slopes of the data in Figure 5.1B).  

Primarily due to the strong increase in water/salt sorption selectivity at constant water 

content, the HEMA:GMA:GMAOH water/salt permeability selectivity increases as the HEMA 

content of the pre-polymerization solution used to prepare the materials increases (Figure 5.2). A 

distributed hydroxyl group configuration (HEMA-rich) is more selective for water over salt 

transport compared to the vicinal-diol rich configuration (GMAOH-rich). The overall selectivity 

of the HEMA:GMA:GMAOH series of materials is greater than that of the PEG materials due to 

the previously discussed differences in the diffusivity selectivity properties.  
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Figure 5. 2. Water/salt permeability selectivity as a function of diffusive water permeability for 

HEMA:GMA:GMAOH ( ) and PEG ( )[20] materials. For HEMA:GMA:GMAOH, the HEMA co-monomer 

composition of the pre-polymerization solution used to prepare the co-polymer is reported for each data point. The 

dashed line represents a reported empirical permeability trade-off frontier for desalination membrane materials,[21, 

22] and the solid lines are least-squares fits to the data. 

 

The PEG materials exhibit a typical tradeoff relationship whereby water/salt selectivity tends 

to decrease as materials become more permeable to water. This tradeoff is often observed in cases 

where the water content of a series of materials is varied systematically.[22] In these cases, the 

higher water content polymers tend to have higher water permeability and lower water/salt 

selectivity compared to the lower water content polymers.  
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The HEMA:GMA:GMAOH materials suffer less of a reduction in the diffusive water 

permeability as water/salt selectivity increases compared to the PEG materials (i.e., the slope of 

the HEMA:GMA:GMAOH dashed line is steeper than that of the PEG dashed line in Figure 5.2). 

This result stems from the equivalent water content nature of the HEMA:GMA:GMAOH series of 

materials and the fact that both water/salt sorption and diffusivity selectivity increase with 

increasing content of HEMA in the pre-polymerization solution.  

Chemical modification of a series of water content equivalent co-polymers, from a vicinal 

diol-rich to a distributed hydroxyl group-rich configuration, increased water/salt permeability 

selectivity with a smaller water permeability penalty compared to that often observed in hydrated 

polymers. These results, obtained using a model series of co-polymers, suggest that controlling 

the spatial arrangement of functional groups in hydrated membrane materials may be important 

for engineering highly selective polymers for desalination applications. The results on these 

model materials represent a step toward establishing general water and salt transport structure-

property relationships for membrane materials including polymers that are more chemically 

similar to commercial desalination membranes than those materials considered here. The results 

suggest that distributed hydrophilic functional groups may lead to increased selectivity and may 

represent a strategy for improving water/salt selectivity of advanced membrane materials to 

address global water shortages. 
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Chapter 6. Comparison Between Conventional Solvothermal and Aqueous Solution-based 

Production of UiO-66-NH2: Life Cycle Assessment, Techno-economic Assessment, and 

Implications for CO2 Capture and Storage5 

6.1. Introduction: 

Metal-organic frameworks (MOFs) are a new class of materials, consisting of metal ions 

or clusters coordinated with organic linkers, and they are known for their high porosity, uniform 

and tunable pore size, good crystallinity, and a high degree of chemical tunability [1-3]. As such, 

MOFs have been applied either independently in catalysis [4-6], sensing [7-10], and gas storage 

[11-16] or in hybrid materials in gas separation [17-20], ion sieving [21-23], and desalination [24-

27], and MOFs are expected to play a more important role in high-impact applications in the near 

future [8, 28, 29].  

Despite their huge potential in various applications, MOFs are currently synthesized at lab-

scale, and several challenges must be resolved before MOFs are produced at/above pilot-scale (e.g., 

the annual production rate is at least on the order of 10s of kilograms) [30-32]. These challenges 

mainly arise from two aspects, the process economic feasibility and the process environmental 

impacts [30-33]. The process economic feasibility has two significant measures, the production 

cost (e.g., capital cost and operating cost) and the process space-time yield (STY) [33-35]. The 

first measure, production cost, is an indicator for the product market price that makes the process 

breakeven. The lower the production cost, the higher the product economic favorability is at the 

same market price. The second measure, process STY, is an indicator for the effectiveness of the 

 
5 This chapter is already published and available from: Luo, H., Cheng, F., Huelsenbeck, L., & Smith, N. (2021). 

Comparison Between Conventional Solvothermal and Aqueous Solution-based Production of UiO-66-NH2: Life 

Cycle Assessment, Techno-economic Assessment, and Implications for CO2 Capture and Storage. Journal of 

Environmental Chemical Engineering, 105159. 
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space and time usage of the production process [33-35]. The process STY contributes to the 

product economic favorability in two manners. As the process STY increases, the same production 

line produces more products in its lifetime. As a result, the effective capital cost decreases while 

the total product sales increases. Hence, a process with lower cost and higher STY is desired for 

the MOFs production [33-35]. The process environmental impacts, on the other hand, measures 

the environmental burdens (e.g., greenhouse gas emissions and water pollution) the synthesis 

generates and is an indicator for the process sustainability [36-38]. The process environmental 

impacts, although often overlooked, are as important as the process economic feasibility. They 

could be even more significant if the produced MOFs are used for sustainability-related 

applications [13, 39-44] (e.g., greenhouse gas capture/storage and energy storage). In other words, 

if MOFs were to be used for those applications, the environmental benefits they create (e.g., the 

amount of greenhouse gas captured/transferred) in their lifetime must surpass the environmental 

burdens their production process creates, otherwise the rationality of those applications might be 

jeopardized. To date, the lab-scale synthesis of many MOFs (e.g., ZIF-8, HKUST-1 and UiO-66 

derivatives) is not attractive enough from either the process economic feasibility aspect or the 

process environmental impacts aspect. These limitations are likely caused by the synthesis method 

of those MOFs [30-33]. 

Conventionally, the lab-scale synthesis of many MOFs is done via the slow nucleation-

growth in organic solvents (e.g., solvothermal synthesis of UiO-66 derivatives would take 12 to 

24 hrs) [30-33, 45]. Such synthesis methods have two major drawbacks. First, the slow nucleation-

growth process leads to long batch-to-batch time which lowers STY [30-33]. Second, the use of a 

large amount of organic solvents greatly increases the production costs and creates significant 

environmental burdens [30-33]. As such, finding better alternatives (i.e., environmentally friendly 
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and/or cost-effective alternatives) for the conventional slow organic solution-based synthesis of 

MOFs becomes an urgent need, and more recent efforts have been made to develop rapid aqueous-

solution based synthesis methods of MOFs [33, 46-50]. In our recent work, Huelsenbeck et al. 

reported a generalized aqueous solution-based approach for the rapid synthesis of several MOFs 

(e.g., synthesis of UiO-66(-NH2), ZIF-L and HKUST-1 within 10 min). This work systematically 

studied the effects of solution chemistry on both the process STY and the product quality (e.g., 

surface area and defects) [33]. For all MOFs studied, the aqueous solution-based process has 

higher STY than the conventional organic solution-based process. The quality of some MOFs (e.g., 

UiO-66-NH2 and HKUST-1) obtained from the aqueous solution-based is comparable to their 

counterpart obtained from the organic solution-based process, as demonstrated by material 

characterization (e.g., X-ray Diffraction, Thermalgravimetric Analysis, and Surface Analysis) [33]. 

These findings encourage us to further investigate the environmental and economic benefits of 

using the aqueous solution-based process as an alternative for the organic solution-based process 

in the MOFs production, and we will quantify those benefits via life-cycle analysis (LCA) and 

techno-economic assessment (TEA). Both LCA and TEA are useful tools in the analysis of novel-

material productions, and their applications have also been extended to the MOFs production in 

the recent years by few pioneer studies [44, 51-53]. For example, Grande et al. carried out LCA 

on CPO-27-Ni production via different synthesis approaches [51], and DeSantis et al. conducted 

TEA on MOF adsorbents, including Ni2(dobdc), Mg2(dobdc), Zn4O(bdc)3, and HKUST-1[44]. 

However, these studies only considered one aspect of the MOF productions, and none of them 

further applied the LCA/TEA results to justify the applications of the studied MOFs. Hence, 

comprehensive LCA-TEA studies on the MOF productions are necessary to fill the knowledge 

gap, and ideally, such studies should relate the productions to the applications of the target MOFs. 
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In this work, UiO-66-NH2 was selected as the target MOF due to its successful synthesis 

from the aqueous solution-based system and its great potential in applications like gas separation, 

ion sieving, and carbon dioxide capture (CCS) etc. [21-23, 39-43, 54-59]. Here we mainly focused 

on the applications of UiO-66-NH2 in CCS application, which is a promising route to achieve 

significant CO2 reduction in the near term [60]. Recently, UiO-66-NH2 and other UiO-66 

derivatives have attracted a lot of research interests in terms of CO2 capture and storage [39-43, 

54-58]. Most of the studies on UiO-66-NH2 and other UiO-66 derivatives focused on the evaluation 

of CO2 uptake, adsorption/desorption performance, selectivity, and stability. However, the life 

cycle emissions associated with UiO-66-NH2 has not been determined yet, as well as the 

production costs. The overall goal of this work is to evaluate and compare the environmental and 

economic performances of the conventional solvothermal production and the aqueous solution-

based production of UiO-66-NH2 and apply the analysis results to provide insights on the use of 

UiO-66-NH2 in CCS. This goal is further divided into four specific objectives. First, the lab-scale 

synthesis of UiO-66-NH2 using the conventional solvothermal system and the aqueous solution-

based system was analyzed, and both systems were scaled up to their corresponding hypothetical 

pilot-scale productions using chemical engineering design criteria [61, 62]. Next, LCA was applied 

to both hypothetical pilot-scale productions to evaluate their overall environmental impacts and 

analyze the contribution of each component to the overall impacts. Further, TEA was applied to 

both production methods to assess their economic feasibility and investigate the distribution of the 

costs. Finally, the LCA results were used to justify the use of UiO-66-NH2 in CCS application, and 

suggestions were made on the potential directions that would make UiO-66-NH2 a better candidate 

in CCS. To the best of our knowledge, this work is the first comprehensive LCA-TEA study on 

UiO-66-NH2 productions via solvothermal and aqueous-based systems, and we believe the results 
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of this work will motivate further studies on the sustainable and economical productions and 

feasible applications of UiO-66-NH2 as well as a vast majority of other MOFs. 

6.2. Method 

The accuracy and comprehensiveness for any LCA-TEA study depend on the description 

of the process, the choice of the system boundary, the data availability and the calculation methods 

[36-38]. Therefore, the process associated with UiO-66-NH2 was described first in section 2.1, 

followed by the system boundary selection in section 2.2. The calculation methods for LCA and 

TEA were presented in section 2.2 and 2.3, respectively. 

6.2.1 Process description 

The ultimate goal of this study is to examine the environmental and economic performances for 

the pilot-scale production of UiO-66-NH2 using the conventional solvothermal system and the 

aqueous solution-based system. However, the life cycle impact data for three key components, 

zirconium tetrachloride (ZrCl4), zirconyl chloride octahydrate (ZrOCl2·8H2O) and the 2-

aminoterephthalic acid (2-ATA), were not available in the Econivent v3.6 database [63]. Therefore, 

we decided to include the production of these three components in the process description to 

calculate their life cycle impact data and estimate the price of 2-ATA. A brief block flow diagram 

for all associated processes is presented in Figure 6.1. These processes are either well-established 

in industry or representative at lab-scale [33, 59, 64-69]. In brief, ZrCl4 is fabricated from zircon 

via chlorination, ZrOCl2·8H2O is obtained from ZrCl4 via hydrolysis, 2-ATA is synthesized from 

TPA via nitration and hydrogenation, and UiO-66-NH2 is produced using either the combination 

of ZrCl4 and ATA in DMF (solvothermal system) or the combination of ZrOCl2·8H2O and 2-NTA-

Na2 in water (aqueous solution-based system) [33, 59, 64-69]. In the hypothetical pilot-scale 
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production of UiO-66-NH2, only 2-ATA and UiO-66-NH2 are produced on site (i.e., Zr sources 

are purchased). Hence, the information from all three boxes was used in LCA, while the 

information from the middle and the bottom box was used in TEA.  
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Figure 6. 1. Brief block flow diagram of the Zr source production (top box), the 2-ATA linker production (middle 

box), and the UiO-66-NH2 production (bottom box).  

 

6.2.1.1 Production of ZrCl4, ZrOCl2·8H2O and 2-ATA 

As shown in Figure 6.1, two types of Zr source, ZrCl4, and ZrOCl2·8H2O, were used in 

UiO-66-NH2 productions. The ZrCl4 is synthesized from the high-temperature chlorination 

reaction of zircon (ZrSiO4), using charcoal as the reducing agent and chlorine gas as the chlorine 

source [65]. The post-reaction gaseous mixture is cooled down to allow for the sublimation of 

ZrCl4, and the obtained ZrCl4 can be directly used in other productions without further 

purifications. The ZrOCl2·8H2O is obtained from the direct hydrolysis of ZrCl4 in a dilute 

hydrochloric acid (HCl) solution. The post-reaction mixture is first concentrated at elevated 

temperature and then cooled down to room temperature for crystallization [59, 66, 67]. The crude 

ZrOCl2·8H2O is washed with an HCl solution, and the purified ZrOCl2·8H2O is used in other 

productions. A more detailed process description that includes the mass of the chemicals and the 

reaction conditions could be found in the Supporting Information (Page 2-3). 

 The linker, 2-ATA, is synthesized from a two-step nitration-hydrogenation reaction of 

terephthalic acid (TPA) [68, 69]. In the first step, a nitro group is introduced to the TPA by the 

nitration reaction at elevated temperature, using concentrated nitric acid (HNO3) as the nitration 

reagent and concentrated sulfuric acid (H2SO4) as the dehydrator [67]. The post-reaction mixture 

from this step is first cooled down to room temperature and then filtered to obtain the crude product, 

2-nitroterephthalic acid (2-NTA). The crude 2-NTA is further washed with DI water prior to the 

hydrogenation reaction [69]. In the second step, the nitro group is reduced to the amino group by 

the aqueous solution hydrogenation reaction of disodium 2-NTA (2-NTA-Na2) at room 
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temperature, using palladium-on-carbon (Pd/C) as the catalyst and hydrogen gas as the hydrogen 

source. The post-reaction mixture from this step is first filtered to recover Pd/C and then acidified 

to precipitate 2-ATA. The 2-ATA is obtained by filtration, and is further washed with DI water 

prior to the UiO-66-NH2 production. A more detailed process description that includes the mass 

of the chemicals and the reaction conditions is available in the Supporting Information (Page 3-4). 

6.2.1.2 Production of UiO-66-NH2 

 The production of UiO-66-NH2 is achieved from both the conventional solvothermal 

system and the aqueous solution-based system [33, 64]. In the conventional solvothermal system, 

ZrCl4 and 2-ATA are co-dissolved in DMF, and this DMF mixture is acidified with an HCl solution 

[64]. The acidified DMF mixture is heated at elevated temperature to allow for the formation of 

UiO-66-NH2 via slow nucleation and growth. The post-reaction mixture is first cooled down to 

room temperature, and the UiO-66-NH2 is then separated from the mixture by filtration or 

centrifugation. The obtained crude UiO-66-NH2 is washed with methanol or water to remove any 

residual DMF and unreacted linker/metal components. In the aqueous solution-based system, the 

zirconium-oxo-cluster solution (referred to as the metal solution for brevity) and the linker solution 

are prepared separately [33]. The metal solution is prepared by heating the ZrOCl2·8H2O in an 

acetic acid-water mixture at elevated temperature for a designated time. When the heating process 

is completed, the metal solution is partially neutralized to a designated pH value using Na2CO3. 

The linker solution is prepared by co-dissolving 2-ATA and NaOH in DI water. The metal solution 

and the linker solution are mixed under vigorous stirring, and the formed UiO-66-NH2 is separated 

from the mixture by filtration or centrifugation. The obtained crude UiO-66-NH2 is washed with a 

dilute sodium hydroxide solution and DI water to remove any residual 2-ATA linker, sodium 
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acetate and acetic acid. The production of UiO-66-NH2 is described in further detail (e.g., reactant 

mass, reaction conditions and product yield) in the Supporting Information (Page 4-5). 

 The processes described above are mostly on the lab scale, yet they will serve as the basis 

for the scaling up production of UiO-66-NH2 to the pilot scale. In scaling up the process, the 

differences between the pilot-scale productions and the lab-scale productions (e.g., solvent 

recovery, reaction medium reuse, and heating methods) need to be properly accounted for. Hence, 

several assumptions were made, according to the chemical engineering design criteria, for the scale 

up process [61, 62], and these assumptions were introduced and discussed in detail in the 

Supporting Information. The final material and energy inputs for the hypothetical pilot-scale 

production of UiO-66-NH2 were summarized in Table E.3 through Table E.8, and those values 

were used in conjunction with other data (e.g., life cycle impact data and market prices) in LCA 

and TEA calculations.  

6.2.2 Life cycle Assessment 

Life cycle assessment (LCA) is an environmental accounting tool that evaluates the environmental 

impacts of products, processes, and systems. LCA was performed following the steps defined by 

ISO 14040 [70], including goal and scope, inventory analysis, impact assessment, and 

interpretation. In this section, a detailed environmental assessment of UiO-66-NH2 production via 

the conventional solvothermal system and the aqueous solution-based system was conducted based 

on the framework displayed in Figure 6.2. In this study, a cradle-to-gate type LCA was carried out, 

and seven metrics were chosen to estimate the environmental impacts associated with the UiO-66-

NH2 production via both the solvothermal system and the aqueous solution-based system. The 

production cost of UiO-66-NH2 from both systems was estimated by TEA. However, the labor 
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costs and engineering construction cost (shaded in grey) were not accounted for in TEA due to 

their large regional variability and uncertainty. 

 
Figure 6. 2. Representation of the overall LCA and TEA framework.  

6.2.2.1 Goal and scope 

The goal of LCA in this study is first to analyze and understand the environmental burdens 

associated with UiO-66-NH2 production via the conventional solvothermal system and the aqueous 

solution-based system and find the most environmentally friendly production route. We focused 

on the evaluation of environmental impacts of UiO-66-NH2 production, while its utilization and 

end of life were not considered. Therefore, a cradle-to-gate scope of LCA was chosen. The system 

boundary comprised the chemical and energy consumptions associated with the raw material 

extraction and processing for UiO-66-NH2 production. To compare the environmental impacts of 

the two production systems, a function unit (FU) needed to be designated first. A mass-based FU 

was suitable in this study as it revealed the relationships between the production environmental 
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impacts (e.g., GWP) and the production outcome (e.g., the mass of UiO-66-NH2) [51, 71]. As such, 

the FU was selected to be 1 kg of UiO-66-NH2 on a dry basis.  

6.2.2.2 Life Cycle Inventory 

The life cycle inventory (LCI) is a critical step in LCA as it creates the full inventory of 

the input/output of the target process. In this work, the LCI was created based on the chemical 

consumptions, the energy calculations, and the important assumptions for process scaling up. All 

these pieces of information were documented in the Supporting Information (Page 6-12), and some 

of the key information was provided below.  

Chemical and pharmaceutical industries minimize solvent consumption for conventional 

solvothermal systems by recycling organic solvents at a rate of 90% by vacuum/ambient pressure 

distillation [44]; therefore, we adapted this technique in our analysis to ensure the economic 

feasibility and environmental favorability of the system [44]. We also assumed the washing step 

in the conventional solvothermal systems could be done with either methanol (route 1) or water 

(route 2). As such, three production routes were defined and evaluated in this work, including route 

1, solvothermal system with methanol for cleaning; route 2, solvothermal system with DI water 

for cleaning; and route 3, aqueous solution-based system. Analyzing these three routes can reveal 

the change in the environmental favorability and economic feasibility of the UiO-66-NH2 

production when organic solvents are partially or fully replaced by water. 

Since no information on the UiO-66-NH2 production beyond lab-scale is available, the 

chemical consumptions were estimated from the corresponding lab-scale data, presented in Table 

E.1 and E.2, using the stoichiometric relationship and the limiting reactant-to-product yield. 

However, the definition of “yield” is somewhat ambiguous in literature [33]. Traditionally, 
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researchers assume the percentage yield is identical to the percentage conversion of the limiting 

reactant, regardless of the percentage crystallinity of the obtained MOFs. Alternatively, the 

percentage yield could be taken as the product of the percentage conversion of the limiting reactant 

and the percentage crystallinity of the MOFs. This alternative definition is more conservative, as 

it assumes the crystalline MOFs are the desired product. In this work, we assessed the 

environmental impacts of UiO-66-NH2 production based on three scenarios: 1) the yield is the 

conversion rate regardless of crystallinity (mass-based FU); 2) yield is the product of conversion 

rate and crystallinity (crystallinity-based FU), which will eventually translate into the maximum 

process environmental impacts; and 3) yield is 100% (ideal case), which will eventually translate 

into the ideal minimum process environmental impacts.  

 

Figure 6. 3. Illustration of the nine scenarios considered in this work.  

In summary, three production routes were defined, and three yield definitions were used 

for each yield (Figure 6.3). These nine scenarios could represent a possible and reasonable range 
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of the environmental burdens associated with the UiO-66-NH2 production. In the main text, we 

focused our discussions on the mass-based FU, and the corresponding LCI data were summarized 

in Table 6.1 (combined from Table E.5, E.6 and E.13). Linear calculations were performed to 

convert these inventory data to crystallinity-based FU and ideal case (yield = 100%), and the full 

life cycle inventories for other FU cases could be found in Table E.3, E.4, E.7, E.8 (chemical 

consumptions and heat), and E.13 (electricity). 

Table 6. 1. Summary of the materials and energy input for the conventional solvothermal and aqueous production of 

1 kg UiO-66-NH2 (mass-based FU) after scaling up. The products yield corresponding to this FU are 38% and 96% 

for the conventional solvothermal system and the aqueous solution-based system, respectively. 

 

 Material/Energy Solvothermal Aqueous 

Zr Precursor Production Input   

 

 

 

ZrSiO4 (kg) 

C (kg) 

Cl2 (kg) 

1.878 

0.250 

4.694 

0.825 

0.110 

2.063 

 

 

 

 

 

 

 

HCl (kg) 

Water (kg) 

Energy consumption 

Heat (MJ) 

Output 

ZrCl4 (kg) 

ZrOCl2·8H2O (kg) 

- 

- 

 

6.668 

 

2.150 

- 

0.149 

2.984 

 

5.24 

 

- 

1.176 

Linker Production Input   

(Nitration of TPA) TPA (kg) 4.895 1.404 

 H2SO4
 (kg) 7.995 2.293 

 HNO3 (kg) 2.092 0.832 

 Water (kg) 2.060 0.591 

 Energy consumption   

 Heat (MJ) 18.702 5.363 

 Electricity (kWh) 6.414 6.405 

 Output   

 2-NTA (kg) 4.479 1.285 

Linker Production Input   

(Hydrogenation of 2-NTA) 2-NTA (kg) 4.479 1.285 

 NaOH (kg) 1.697 0.487 

 H2 (kg) 0.116 0.033 

 Pd/C (kg) 0.053 0.015 

 HCl (kg) 1.549 0.444 

 Water (kg) 108.758 31.190 
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 Energy consumption   

 Heat (MJ) 7.503 2.152 

 Electricity (kWh) 6.733 6.496 

 Output   

 2-ATA (kg) 2.305 0.661 

UiO-66-NH2 Synthesis Input   

2-ATA (kg) 2.305 0.661 

ZrCl4  (kg) 2.150 - 

HCl (kg) 7.368 - 

 Water (route 1) (kg) 13.099 - 

 Water (route 2) (kg) 787.093 - 

 Water (route 3) (kg) - 138.767 

 DMF (kg) 24.355 - 

 MeOH (route 1) (kg) 61.300 - 

 ZrOCl2·8H2O (kg)  1.176 

 AcOH (kg) - 4.793 

 NaOH (kg) - 0.347 

 Na2CO3 (kg) - 1.210 

 Energy consumption   

 Heat (route 1) (MJ) 1182.227  

 Heat (route 2) (MJ) 296.044  

 Heat (route 3) (MJ) - 6.946 

 Electricity (kWh) 8.939 6.411 

 Output   

 UiO-66-NH2 (kg) 1 1 

6.2.2.3 Life cycle impact modeling  

LCA was conducted using Excel spreadsheet and Econivent v3.6 database [63]. 

Cumulative energy demand - fossil (MJ), global warming potential (kg CO2-Eq), particulate matter 

(kg PM10-Eq), terrestrial acidification (kg SO2-Eq), freshwater eutrophication (kg P-Eq), human 

toxicity (kg 1,4-DCB-Eq), and water scarcity (m3) were chosen as the metrics to evaluate the 

environmental impacts of the two UiO-66-NH2 production systems (three routes) [72].  

Cumulative energy demand and ReCiPe Midpoint method were used to calculate the life cycle 

environmental impacts mentioned above [73]. 
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6.2.3 Techno-economic assessment 

Techno-economic assessment was conducted to assess the total cost of producing 1 kg 

UiO-66-NH2 via the conventional solvothermal system and the aqueous solution-based system. 

The total cost can be broadly categorized into the operating cost and the capital cost (Figure 6.2). 

Operating cost is comprised of the chemicals and energy consumption required for UiO-66-NH2 

productions. We collected the minimum, average, and maximum market price of chemicals from 

commercial selling websites, and these data were summarized in Table E.9. The market price of 

electricity and natural gas was 0.0682 $/kWh [45] and $0.004/MJ [74], which stands for the 

average market price in the United States. The operating cost were then calculated by multiplying 

the chemical/energy consumption (Table 6.1) and their corresponding market price (Table E.9). 

The capital costs were also assessed, and detailed information can be found in the Appendix E 

(Table E.11). It should be noted that the labor costs and engineering construction (shaded in grey 

in Figure 6.2) were not accounted for in this analysis due to their large regional variability and 

uncertainty. Finally, the total cost for UiO-66-NH2 productions via different routes were calculated 

by summing operating costs and capital costs per FU.   

Due to the variability associated with market price and process parameters (e.g., solvent 

recycle rate, MOF yield, etc.), we used a Monte Carlo simulation to quantify the effects of 

uncertainty. Monte Carlo simulation was conducted in the “R environment” for 10,000 trials. In 

each trial, values for variables were randomly drawn from the defined distribution (triangular 

distribution, Table E.14), and the aggregated results were used to produce probability distributions 

of the production costs for producing 1 kg UiO-66-NH2 from three routes. In addition, a sensitivity 

analysis of UiO-66-NH2 production costs from three routes was performed by varying one input 

parameter to its minimum value or maximum value while keeping other parameters at the baseline 
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values (Table E.14). The most sensitive parameters are the ones with the largest relative differences 

in production costs. 

6.2.4 UiO-66-NH2 for CCS application 

The cradle-to-grave life cycle analysis of utilizing UiO-66-NH2 as sorbents for pulverized 

coal (PC) coupled with post-combustion CCS was carried out, and the results were compared with 

conventional PC fired power plant without CCS (reference case) and with post-combustion 

monoethanolamine (MEA)-based CCS system. Three configurations, including the base PC power 

plant without CCS, PC with amine-based CCS, and PC with UiO-66-NH2 based CCS, were 

analyzed. The power plant was assumed to have 30-year plant life and 7000 operating hour per 

year. The base power plant (configuration 1) was assumed to have a gross power output of 650 

MW and steam cycle efficiency to be 38.5% [75]. In terms of PC with MEA-based and UiO-66-

NH2-based CCS (configuration 2 and 3), it was assumed CCS equipment was installed to capture 

the CO2 from the flue gas by using MEA/UiO-66-NH2, the captured CO2 was then regenerated, 

compressed, and ready for the pipeline. The heat for solvent/sorbent regeneration was supplied by 

the steam from the steam cycle. For better comparison, the functional unit was chosen to be the 

life cycle GWP associated with exporting 1 MWh electricity (tonne CO2 eq/MWh) to the grid. The 

system boundary for coal-based power plants without and with post-combustion CCS was 

represented in Figure 6.4. 



165 

 

 

Figure 6. 4. System boundary of (a) reference coal-fired plant without CCS and (b) coal-fired plant coupled with 

post-combustion CCS. 

 

The GWP for three configurations were calculated by taking the life cycle GWP associated 

with coal and solvent/sorbents consumptions per exporting 1 MWh electricity. For configuration 

1, the GWP was simply associated with coal consumptions. The emissions from coal comprised 

the direct emissions via combustion and indirect emissions that included coal production, fugitive 

methane emissions, and transportation [76]. The upstream GWP associated with coal was assumed 

to be 5.7 g CO2 eq/MJ [76]. For configuration 2 and 3, the direct emissions released from coal 

combustion was significantly reduced due to CCS. We also accounted for indirect emissions 

associated with coal, as well as the upstream greenhouse gas emissions associated with 

solvent/sorbent loss and loading. The initial solvent/sorbent loading was assumed to satisfy the 

CO2 capture for the first hour, and extra solvent/sorbent was replenished to the capture unit to meet 

the material demand. Table 6.2 summarizes the technical parameters for three evaluated 

configurations.  
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Table 6. 2. The technical performance of three configurations, data adapted from [75, 77-79] 

 Parameters Base  Amine-based 

CCS 

MOF based 

CCS 

Gross output (MW) 650 650 650 

Fuel Input (MWth) 1581 1581 1581 

Steam cycle efficiency (%)  0.385 0.385 0.385 

Coal energy content (MJ/tonne) 27140 27140 27140 

Coal carbon content (%) 63.75% 63.75% 63.75% 

Regenerator heat requirement (MJ/tonne CO2) 0 3519 680 

CO2 capture/compression electricity requirement (MWh/tonne 

CO2) 

0 0.111 0.111 

Co2 capture efficiency (%) 0 90 90 

 

6.3. Result and discussion 

6.3.1 Life cycle assessment  

Cumulative energy demand (CED, MJ), climate change (GWP, kg CO2 eq), particulate 

matter formation (PMFP, kg PM10-eq), terrestrial acidification (TAP, kg SO2-eq),  human toxicity 

(HTP, kg 1,4-DCB-eq), freshwater eutrophication (FEP, kg P-eq), and water depletion (WDP, m3) 

were evaluated for the UiO-66-NH2 production via three routes. Before looking at the full life 

cycle of UiO-66-NH2 production, we first examined the environmental impacts associated with 

the Zr precursor manufacturing. The relative impacts of producing 1 kg of Zr precursor (e.g., ZrCl4 

and ZrOCl2·8H2O) as well as the percentage contribution of each input are presented in Figure 6.5.  

As shown in Figure 6.5(a), ZrCl4 has relatively higher environmental burdens than 

ZrOCl2·8H2O under all metrics other than HTP. This observation might be counterintuitive since 

ZrOCl2·8H2O is produced from ZrCl4, and additional chemicals and energy are used in the 

ZrOCl2·8H2O manufacturing. However, the molar conversion of ZrCl4 to ZrOCl2·8H2O is high 

(90%), and the molar mass of ZrOCl2·8H2O (322 g/mol) is also much higher than that of ZrCl4 
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(233 g/mol). Accordingly, 1 kg of ZrCl4 could yield 1.244 kg of ZrOCl2·8H2O, and such 24% mass 

gain eventually led to lower environmental burdens (except for HTP) associated with 

ZrOCl2·8H2O since all the metrics are per mass-based.  

The overall impacts of producing 1 kg of Zr precursor was further itemized to investigate 

the contribution of each input, and the results are shown in Figure 6.5(b) (ZrCl4) and Figure 6.5(c) 

(ZrOCl2·8H2O). In general, the environmental impacts associated with the ZrCl4 manufacturing 

and the ZrOCl2·8H2O manufacturing have a highly similar structure, and the Zr resource, zircon, 

is the dominating factor that accounts for 66% to 100% of the total environmental impacts in all 

metrics other than HTP. This observation, that an inorganic precursor (e.g., ZrCl4) has similar 

environmental impacts as its first-generation source (e.g., zircon), will be further discussed 

quantitatively later. As for the HTP metric, its environmental burdens are mainly attributed to the 

reagent consumption (e.g., HCl and Cl2). Despite the highly similar environmental impacts 

structure, certain differences exist in the GWP metric, the CED metric and the HTP metric between 

the ZrCl4 manufacturing and the ZrOCl2·8H2O manufacturing. Compared to ZrCl4, reagents and 

energy associated ZrOCl2·8H2O manufacturing has slightly higher shares in GWP, CED and HTP. 

This observation could be explained from the use of extra material (i.e., HCl) and heat in the 

conversion of ZrCl4 into ZrOCl2·8H2O, which have slight impacts on GWP, CED and HTP. 

Meanwhile, the use of extra material and heat has negligible impacts on other metrics; therefore, 

the percentage contribution of each input is identical for those metrics. 
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Figure 6. 5. Relative environmental impacts of Zr precursor productions (a) and their breakdown for ZrCl4 (b) and 

ZrOCl2·8H2O (c).  Chemicals other than the Zr source are merged as “Reagents” in the plot. 

 

The environmental burdens associated with three routes were evaluated, including (1) 

conventional solvothermal system with methanol wash; (2) conventional solvothermal system with 

water wash; and (3) aqueous solution-based system. To better understand the effects of yield 

definition on the environmental impacts of UiO-66-NH2 production, we computed the results of 

each route based on the mass-based FU, the crystallinity-based FU, and the ideal case. The product 

yield associated with mass-based FU, crystallinity-based FU and ideal case are [36%,96%], 

[18%,38%], and [100%,100%] for the solvothermal system (route 1 and 2) and the aqueous 

solution-based system (route 3), respectively. For all metrics, the higher the percentage value or 

absolute value, the greater environmental burdens associated with UiO-66-NH2 production are. A 

comparison between the relative environmental impacts of producing 1 kg UiO-66-NH2 via the 

three routes is presented in Figure 6.6, and the absolute value of the environmental impacts is 

shown in Figure E.1. The results in Figure E.1 suggest the absolute environmental burdens 

associated with UiO-66-NH2 production increase monotonically with the decreasing product yield, 

regardless of the choice of production route. This observation is not surprising, as more chemicals 
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and energy are supposed to be consumed at lower product yield, leading to higher environmental 

burdens. The results in Figure 6.6 reveal that route 1 has the highest environmental burdens for 

metric, route 3 has the lowest environmental burdens, and the environmental burdens of route 2 

lies in between. This observation holds true for the mass-based FU, the crystallinity-based FU and 

the ideal case. Our discussion in the following section will be mainly based on mass-based FU, 

i.e., the results in Figure 6.6 (a), unless otherwise specified, and we believe the conclusions drawn 

below hold true for the other two FUs.   

As shown in Figure 6.6(a), the environmental burdens of route 1 are higher than those of 

route 2 in all metrics, and the differences in environmental burdens are very prominent (greater 

than 25%) in CED, GWP, and TAP. The major process difference between route 1 and route 2 is 

the choice of washing agent (methanol for route 1 and water for route 2). Methanol is reported to 

have considerably higher carbon intensity, energy intensity, and terrestrial acidification intensity 

(1.46 kg CO2 eq/kg , 43.7 MJ/kg, and 0.0012 kg SO2-eq/kg) [63] when compared to water. 

Consequently, we observe considerable reductions (up to 50%) in CED, GWP, and TAP but 

marginal changes in the remaining categories by switching the washing agent from methanol to 

water.  

The environmental burdens of UiO-66-NH2 production are readily alleviated by simply 

replacing the organic washing agent with water, and a much better environmental performance is 

achieved by completely eliminating the organic solvents in the production. We did a further 

comparison between route 1 and route 3 and found significant reductions (up to 91%) on all the 

environmental metrics when using the aqueous solution-based system (route 3). Such observation 

can be explained from two aspects. First, the use of the aqueous solution-based system completely 

eliminates the consumption of organic solvents. Organic solvents, especially DMF, have high 
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environmental burdens in most metrics evaluated in this work. Replacing these organic solvents 

with water in the UiO-66-NH2 production completely eliminates their environmental burdens. 

Next, higher product yield was achieved when using the aqueous solution-based system. 

Compared with the conventional solvothermal system, the aqueous solution-based system has a 

product yield of 96% (on mass-based FU) and 36% (on crystallinity-based FU), which is 2-3 times 

higher than the product yield from the conventional solvothermal system. Higher production yield 

eventually translates into lower chemical consumptions, which leads to lower environmental 

burdens. To say the least, even if the product yield is 100% for both systems, which represents the 

ideal case for both systems, the aqueous solution-based system still has the lowest environmental 

impacts in all metrics.  

 

Figure 6. 6. Relative environmental impacts of route 1, conventional solvothermal with methanol for cleaning; route 

2, conventional solvothermal system with water for cleaning; and route 3, rapid aqueous system with water for 

cleaning. Mass based FU, crystallinity-based FU, and maximum yield correspond to product yield of [38%, 18%, 

100%] and [96%, 36%, 100%] for the solvothermal system (route 1 and 2) and the aqueous solution-based system 
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(route 3), respectively. Relative values as regard to the largest value among the three routes, and the absolute values 

are available in Figure E.1.  

 

Similar to the analysis in Figure 6.5(b) and (c), the overall relative environmental impacts 

in Figure 6.6 were itemized to identify the contributions of each input to every environmental 

metric, and the results are shown in Figure 6.7. In general, the environmental impacts associated 

with route 1 and route 2 have a similar structure, so route 1 and route 2 will be discussed together 

first. In both route 1 and route 2, the organic solvents, DMF and methanol, are the major or 

dominating contributor to all the environmental metrics, despite the high recycling rate (90%) 

assumed for the solvothermal system. In other words, if the DMF and methanol recycle is not 

considered, as was done in some other works [51], these two organic solvents would possibly 

contribute to almost 100% of the total environmental impacts of UiO-66-NH2 production. Beside 

DMF and methanol, heat has considerable impacts on CED, GWP, PMFM, and TAP, and those 

impacts are more prominent in route 1 compared to route 2. This observation could be explained 

from two aspects. On the one hand, heat was assumed to be generated by the natural gas 

combustion, which has major impacts on CED, GWP, PMFM, and TAP. On the other hand, a large 

amount of extra heat, as will be discussed later, was required for the methanol recycle in route 1. 

Compared to the organic solvents and heat, reagents, linker, and Zr precursors have less significant 

impacts on GWP and CED (less than 20%) but considerable impacts on the remaining metrics. 

Finally, electricity has negligible impacts on all the categories for the solvothermal system. The 

environmental impact structure of route 3 is significantly different from that of route 1 or route 2. 

In route 3, reagents, linker, and Zr precursors have the major shares across all the environmental 

categories, and together they account for 90-100% of the impacts. Electricity and heat have minor 

to negligible impacts on all the categories. The results from Figure 6.7 suggest that, as the UiO-
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66-NH2 production is shifted from the conventional solvothermal system to the aqueous solution-

based system, the environmental burdens associated with the production are approaching their 

minimum values, i.e., the limit set by the chemicals. 

 

Figure 6. 7. Breakdown of the relative environmental impacts of producing 1 kg UiO-66-NH2 via route 1, 2, and 3. 

Chemicals other than the Zr precursors and the linker are merged as “Reagents” in the plot. 

 

Among all the environmental metrics studied in Figure 6.5 through Figure 6.7, CED and 

GWP are often regarded as the most important metrics since the energy and climate change 

performances usually gain the most attention in practical chemical productions [80]. As such, the 

GWP and CED data were plotted with their absolute values in Figure 6.8 to help understand the 

energy and climate change performances of the Zr precursor production and the UiO-66-NH2 

production. As shown in Figure 6.8(a) and (c), the GWP and CED associated with the two Zr 

precursors, ZrOCl2·8H2O and ZrCl4, are comparable, and both precursors have 9-10 kg CO2 eq/kg 

GWP and 90-100 MJ/kg CED. The GWP and CED values of the two Zr precursors are not 

significantly different from those for the Zr source (zircon), which has a 9.4 kg CO2 eq/kg GWP 

and an 87.7 MJ/kg CED. The inorganic precursors (ZrOCl2·8H2O and ZrCl4) have comparable 

GWP and CED as their first-generation source (zircon), which is likely due to the fact that only 
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inorganic reagents (e.g., Cl2 and HCl) were used in the precursor manufacturing and these reagents 

have minor impacts on the GWP and CED. Similar results were reported in other literature that 

estimated the GWP and CED of different metal precursor (e.g., Ti salt) for nanoparticle synthesis 

[71, 80]. To the best of our knowledge, few studies on the life cycle impact assessment of different 

Zr precursors have been conducted, yet we expect a growing need for this analysis as more studies 

might be done in the future to evaluate the life cycle environmental performances of other Zr-

based MOFs/materials. The values calculated in this work could be used when ZrCl4 or 

ZrOCl2·8H2O is used to produce UiO-66 derivatives or ZrO2. When other Zr precursors were to 

be used, perhaps the data for zircon could be used as a first pass approximation, if no organic 

reagent is used in the precursor manufacturing. However, if organic reagents are consumed, the 

manufacturing process needs to be analyzed to get those data, and examples were provided in the 

Supporting Information of this work. 
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Figure 6. 8. Global warming potential (kg CO2 eq) for producing (a) 1 kg of Zr precursors and (b) 1 kg of UiO-66-

NH2 and Cumulative energy demand (MJ) for producing (c) 1 kg of Zr precursors and (d) 1 kg of UiO-66-NH2 (on 

mass basis). The definition of “Reagents” can be found in Figure 6.5 and 6.7. 

 

In the UiO-66-NH2 production (Figure 6.8(b) and (d)), the GWP and CED associated with 

route 1, 2, and 3 are 353, 180, and 43 kg CO2 eq/kg, and 7080, 3244, and 649 MJ/kg, respectively. 

For both route 1 and route 2, the same amount of DMF was used and the heat required for DMF 

recycle is the same. The difference in GWP and CED between route 1 and route 2 came from the 

methanol consumption and the heat for methanol regeneration. In route 1, 61.3 kg of methanol was 

assumed to be consumed in the cleaning process, and such consumption eventually translated into 

a CED of 2677 MJ (energy intensity of 43.7 MJ/kg) and a GWP of 89 kg CO2 eq (carbon intensity 

of 1.46 kg CO2 eq/kg) per 1kg UiO-66-NH2. Besides methanol, route 1 requires a significant 

amount of heat to power the organic solvent recovery process. It is estimated that 1182 MJ of heat 

was consumed, and this amount of heat corresponds to a CED of 1577 MJ (energy intensity of 
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1.3MJ/MJ) and a GWP of 113 kg CO2 eq (carbon intensity of 0.094 kg CO2 eq/kg). By replacing 

the solvothermal system with the aqueous solution-based system, a substantial reduction of both 

GWP and CED, up to 88% and 91 %, was observed. The quantitative analysis results here further 

emphasized the superior environmental performance of the aqueous solution-based system in UiO-

66-NH2 production. If the organic solvents are essential for the synthesis of other MOFs (i.e., if 

certain chemistry does not work in water), then the following ideas could be considered to alleviate 

the environmental burdens of the production: (1) replacing the organic solvent with water in the 

washing step; and (2) recycle/reuse as much organic solvent as possible from the washing step if 

water cannot be used for cleaning purposes (e.g., HKUST-1 degrades in water over time[81]). 

The LCA results in this work are in good agreement with results reported by Grande et al. 

Their study suggested the climate change impacts of producing CPO-27-Ni decreased by two 

orders of magnitude (from 1136.2 to 12.3 kg CO2 eq) when an all water-based synthesis and 

cleaning process was used [51]. However, the results from their study were based on the 

laboratory-scale batches, where the reutilization of organic solvents and other chemicals were not 

optimized. Our analysis accounted for the solvent recovery (recycle rate of 90%) and the 

corresponding energy requirement, so our results are possibly more representative for the 

pilot/large scale UiO-66-NH2 production (and perhaps other MOFs production). In summary, our 

results highlight the high environmental favorability of the aqueous solution-based system in the 

production of UiO-66-NH2, and we expect similar outcomes in the production of other MOFs 

where an aqueous-solution based system could be used.  

6.3.2 Techno-economic assessment  

The economic profitability of different UiO-66-NH2 production routes is evaluated by TEA. 

In TEA, the major metric is the production cost (Figure 6.9), i.e., the minimum selling price of 
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UiO-66-NH2 that makes the production breakeven. A breakdown of the production cost (Figure 

6.10) and sensitivity analysis (Figure 6.11) is also provided. 

As mentioned earlier, Monte Carlo simulation was used to account for the variability 

associated with market price and process parameters, and the simulated production cost 

distributions for route 1, 2, and 3 on the mass-based FU are displayed in Figure 6.9(a), (b) and (c), 

respectively. Across the uncertainty range (e.g., market price, solvent recovery rate, yield, etc.) 

defined in Table E.14, route 1 has the highest mean production cost (98 $/kg), with 90% of results 

from 78 $/kg to 117 $/kg. The average production cost of route 2 (66 $/kg) is slightly lower than 

that of route 1, with 90% of outcomes from 56 $/kg to 78 $/kg. Finally, route 3 has the lowest 

average production cost (15.8 $/kg), with 90% of outcomes from 14.2 $/kg to 17.5 $/kg. The 

simulated production cost distributions for route 1, 2, and 3 on crystallinity-based FU and for the 

ideal case are presented in Figure E.2 and Figure E.3. The mean values of production costs for 

route 1, 2, and 3 are found to be 196 $/kg, 131 $/kg, and 33.8 $/kg for the crystallinity-based FU, 

and 44 $/kg, 32 $/kg, and 15.5 $/kg for the ideal case. The economic analysis suggests that, in 

addition to the superior environmental favorability, the aqueous solution-based system is also 

much more economically feasible in UiO-66-NH2 production compared to the conventional 

solvothermal system, regardless of the yield definition. This result is in good agreement with some 

of the previous TEA studies on other MOFs. For example, DeSantis et al. conducted TEA on 

several MOF adsorbents, including Mg2(dobdc), Ni2(dobdc), HKUST-1 (H3btc), and MOF-5 

(H2bdc). In their study, significant cost reduction (34-83% reduction) was achieved by replacing 

the solvothermal synthesis with liquid assisted grinding synthesis or aqueous synthesis [44]. The 

production cost of UiO-66-NH2 from the aqueous solution-based system (15.8 $/kg) is comparable 

to that of Ni and Mg-based MOFs estimated by DeSantis et al (10-20 $/kg for aqueous synthesis, 
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[yield = 92%]), yet the production cost of UiO-66-NH2 from the solvothermal system (56 $/kg to 

117 $/kg) evaluated in our study is higher than the results from DeSantis et al. (35 $/kg to 71 $/kg). 

We attributed the higher production cost for the solvothermal system to the low UiO-66-NH2 yield 

(38% ± 4%) used in this study, as opposed to the higher product yield (44% - 69%) used by 

DeSantis et al. If the UiO-66-NH2 yield from the solvothermal system is comparable to the yield 

of those Ni/Mg-based MOFs, then the production cost should be similar.  

 

Figure 6. 9. Production cost distributions of UiO-66-NH2 on mass basis for (a) route 1, (b) route 2 and (c) route 3. 

The detailed breakdown of the production cost for UiO-66-NH2 via route 1, 2, and 3 is 

displayed in Figure 6.10. The total cost can be broadly categorized into the operating cost and the 

capital cost (Figure 6.2). The operating cost includes the raw chemicals for linker production, the 

Zr precursors, other reagents (e.g., HCl), organic solvents (i.e., methanol and DMF), water, and 

energy consumption (i.e., heat and electricity). The capital cost is taken as the purchasing and 
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installation cost of all pieces of equipment in the project lifetime. Similar to the breakdown of 

environmental impacts in Figure 6.7, route 1 and route 2 have a similar structure for their total cost, 

and operating cost is the major contributor, accounting for 82% of the total cost for route 1 and 

75% for route 2, respectively. In particular, organic solvents have significant impacts on the 

operating cost, contributing to 47 $/kg (59%) and $26/kg (43%) of the operating cost for route 1 

and 2, respectively. Again, the main difference between the production cost of route 1 and route 2 

(i.e., 31 $/kg difference) came from the consumption of methanol and the use of extra heat in 

methanol recovery, while other parameters are almost identical between the two routes. Such 

observation reveals the economic favorability of using water as the cleaning agent, even in the 

solvothermal system. In the aqueous solution-based system, the equipment and linker cost became 

the major contributor to the total costs, accounting for 5.4 $/kg and 5.7 $/kg of the total cost, 

respectively. The remaining total cost is shared by other chemicals and energy. Compared to route 

1 or route 2, a significant cost reduction (up to 84%) is achieved for route 3. Such observation can 

be explained from both the operating cost aspect and the capital cost aspect. On the operating cost 

aspect, the aqueous solution-based system completely eliminates the use of expensive organic 

solvents, leading to a substantial reduction in terms of the production financial burdens. 

Additionally, the high UiO-66-NH2 yield in the aqueous solution-based system allows for lower 

linker consumptions compared to the solvothermal system (Table 6.1), so therefore the cost for 

linkers is also minimized (5.7 $/kg in route 3 vs. 19 $/kg in route 1 and route 2). On the capital 

cost aspect, the cost for the aqueous-solution based system is only one third of that for the 

solvothermal system, i.e., 5.4 $/kg vs. 17.4 $/kg. This significant saving on the capital cost is a 

direct outcome of the high STY nature of the aqueous solution-based system in UiO-66-NH2 

production. On the one hand, the precursor concentration in the aqueous solution-based system is 
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much higher than that in the solvothermal system, so the required reactor volume per kg UiO-66-

NH2 is greatly reduced such that the total equipment purchasing cost is reduced. On the other hand, 

the shortened production time, i.e., 2 hrs in the aqueous solution-based system vs. 24 hrs in the 

solvothermal system, allows the same production line to produce more batches of UiO-66-NH2 in 

its life time, which also reduces the capital cost per FU. It should be noted that we made a rather 

conservative assumption on the production rate of the aqueous solution-based system (3 batches 

per day), but this assumption could be relaxed if further evidence supports a higher production rate. 

In that case, the capital cost associated with the aqueous solution-based system could be further 

reduced, and route 3 will become more economically favorable. The results from Figure 6.10 

suggest that, as the UiO-66-NH2 production is shifted from the conventional solvothermal system 

to the aqueous solution-based system, the production economic favorability greatly increased from 

both the operating cost aspect and the capital cost aspect. 

 



180 

 

 

Figure 6. 10. Breakdown of the UiO-66-NH2 production cost (mass-based FU). The definition of “Reagents” can be 

found in Figure 6.7. 

 

Finally, a sensitivity analysis was conducted to investigate the variability of key variables 

(Table E.14) on the production cost, and the top four variables for each route were presented in 

Figure 6.11. For the solvothermal system, the organic solvent recycle rate is the most sensitive 

parameter, leading to large changes in production costs. Besides the solvent recycle rate, the 

market price of organic solvents (i.e., DMF and methanol) is also impactful. This is not surprising, 

as both solvents recycle rate and market price could directly translate into the solvent costs, which 

are found to be crucial for the production cost (Figure 6.10). Finally, the MOF yield is also an 

important variable for solvothermal systems, suggesting that future improvement in the synthesis 

method might reduce the production cost. As for the aqueous solution-based system, the linker 

yield and the market price of Pd/C are the most sensitive parameters. Such observation is consistent 
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with the production costs distribution (Figure 6.10), as the cost associated with linker production 

contributes to 36% of the total cost. The equipment capital costs and equipment lifetime also have 

appreciable impacts on the production costs, demonstrating that extension of the equipment 

lifetime and reduction of the capital costs will be effective methods to reduce the production costs 

of the aqueous system. 

 

Figure 6. 11. Sensitivity analysis of production costs (mass-based FU). 

 Our TEA results highlight the high economic favorability of the aqueous solution-based 

system in the production of UiO-66-NH2, and these results might extend to the aqueous solution-

based production of other MOFs. Together with the LCA results in the previous section, we 

conclude that the aqueous solution-based production is the most environmentally friendly and 

economically favorable method of UiO-66-NH2. In the next section, we will discuss some 
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implications behind the sustainability-related applications of UiO-66-NH2 based on our LCA-TEA 

results. 

6.3.3 Environmental implications 

 Recently, UiO-66-NH2 and other UiO-66 derivatives have attracted a lot of research 

interests in terms of CO2 capture and storage, which is a promising route to achieve significant 

CO2 reduction in the near term [60].  Both the UiO-66-NH2 and other UiO-66 derivatives have 

good stability and moderate CO2 uptakes, ranging from 60 g/kg to 260 g/kg, therefore previous 

literature studies have regarded them as a promising tool to mitigate the greenhouse gas [39-43, 

54-58]. Such a conclusion might be true if we only look at the gate-to-grave part of the UiO-66-

NH2 life cycle. However, if the cradle-to-gate part of UiO-66-NH2 life cycle is also included, i.e., 

if we consider the full life cycle of UiO-66-NH2, the previous conclusion, that UiO-66-NH2 is a 

promising tool to mitigate the GHG emissions, might be subverted, depending on how UiO-66-

NH2 is used in the CO2 capture and separation. In the following discussions, we will assume the 

UiO-66-NH2 is made from the most environmentally friendly route, the aqueous solution-based 

system, at the base yield (96%). Under this assumption, the GWP value of UiO-66-NH2 is 43 kg 

CO2 eq/kg. 

 In the simplest case, UiO-66-NH2 is applied in a single-use manner, and the CO2 saturated 

UiO-66-NH2 is buried such that the adsorbed CO2 is fixed. In this case, the life-cycle 

environmental benefit of UiO-66-NH2 is -0.06 to -0.26 kg CO2 eq/kg, and is negligible compared 

to its upstream life-cycle environmental burdens. Hence, if UiO-66-NH2 is used in this manner, it 

is not a good candidate to mitigate GHG emissions, especially when comparing to other single-

use negative emission technologies (e.g., biochar for carbon sequestration) [82, 83]. Alternatively, 

UiO-66-NH2 could be used as an intermediate storage medium for CO2 capture, i.e., UiO-66-NH2 
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is used to concentrate CO2, in post-combustion CO2 capture and storage (CCS). In this case, UiO-

66-NH2 could be regenerated and reused, and its life-cycle environmental benefit might exceed its 

life-cycle environmental burdens. However, regenerating and reusing UiO-66-NH2 does not 

guarantee that UiO-66-NH2 is a better alternative than the current benchmark CCS medium, 

monoethanolamine (MEA) [84-86], because MEA has a higher CO2 uptake (364-400 g/kg) [87, 

88] and a much lower cradle-to-gate GWP (3.46 kg CO2 eq/kg) [63]. Indeed, the solvent loss 

(0.0032 kg MEA/kg CO2 captured) [60] and energy consumption (3.54 MJ/kg CO2 captured) [75] 

associated with MEA regeneration can be concerning factors. It is possibly true that less energy 

demand and material loss can be achieved to regenerate UiO-66-NH2 than MEA [89], yet further 

quantitative analysis is required to determine if the emission reduction in sorbent regeneration 

could overcome the higher emissions associated with upstream production before claiming UiO-

66-NH2 as a more sustainable alternative for MEA in CCS.  

Hence, we computed the cradle to grave life cycle analysis on conventional PC-fired power 

plant, PC coupled with MEA based CCS, as well as the UiO-66-NH2 based CCS. The technical 

summary of three configurations and resulting data were demonstrated in Table 6.3. To reiterate, 

the life cycle GWP accounts for the direct CO2 emissions from coal as well as the cradle to gate 

GWP associated with MEA/UiO-66-NH2 production, while the solvent/sorbent disposal was not 

accounted due to the lack of accessible data. Based on the results from Table 6.3, CCS can 

significantly reduce the direct CO2 emissions from the power plant. The upstream GHG emissions 

associated with coal mining, washing, and transportation, on the other hand, are not affected by 

CCS. As a result, for the MEA-based CCS plant, the upstream GWP associated coal accounts for 

38% of the total GWP.  
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Table 6. 3. Key energy and material flows, and life cycle GWP associated with coal and solvent/sorbent  

Parameters Base  Amine-based CCS MOF based CCS 

Coal input (tonne/h) 210 210 210 

CO2 in the flue gas (tonne/h) 490 490 490 

Material loss during CCS (tonne/tonne captured CO2) 0 0.0032 x (unknown) 

Net power output (MW) 608 406 540 

Direct CO2 emissions from coal combustion (tonne 

CO2/h) 

490 49 49 

Upstream GWP associated with coal processing (tonne 

CO2 eq/h) 

32.4 32.4 32.4 

GWP of solvent/sorbent initial loading (tonne CO2 eq/h) 0 0.02 0.58 

GWP of solvent/sorbent losses (tonne CO2 eq/h) 0 4.87 17647x 

Life cycle GWP (tonne CO2/MWh) 0.858 0.212 (49+32.4+0.58+17

647x)/540 

 

Due to the lower heat requirement for sorbent regeneration, the net power output from 

power plant coupled with MOF-based CCS appears to be higher than that of conventional MEA 

based CCS. However, the GWP of the two systems remains a challenge to be determined, owing 

to the lack of data on MOF losses due to the degradation or decomposition. Existing data on MOF 

degradation was mostly on a lab-scale, and only 4-6 cycles were performed [57, 90], while long-

term experimental work on MOF degradation was not yet carried. According to current studies on 

the reversibility/recyclability of UiO-66-NH2 and/or other UiO-66 derivatives, the adsorption 

capacity decreased by 3.6% after 4 cycles [90], and 4% after 6 cycles [55]. Due to the lack of data 

availability on long-term experimental work, it is not clear if the adsorption capacity will decrease 

linearly as more adsorption/desorption cycles are performed or remain relatively steady after 

certain cycles. Here we assumed the MOFs mass loss for capturing 1 tonne CO2 as an unknown 

value, and the GWP of electricity from UiO-66-NH2 based CCS plant was plotted against the 

material losses and compared to the reference plant without CCS, and MEA-based CCS plant. The 
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corresponding results are shown in Figure 6.12. When the MOF loss is less 0.0017 tonne/tonne 

captured CO2, the life cycle GWP of electricity from MOF based CCS plant is lower than GWP 

of power produced by MEA based CCS plant. As the sorbent loss increases, the environmental 

burdens associated with UiO-66-NH2 based CCS increases. When sorbent loss is higher than 0.02 

tonne/tonne CO2 captured, the environmental impacts of UiO-66-NH2 based CCS system is even 

higher than the reference power plant without CCS.  

 

Figure 6. 12. Comparison between the performance of electricity produced from coal-fired plant w/o CCS (green), 

MEA (red), and UiO-66-NH2 (blue) based post-combustion CCS plants. For MEA, the upstream GWP is 3.46 kg 

CO2 eq/kg, the CO2 uptake is 0.38 kg CO2/kg solvent (average of 0.36-0.4) [87, 88], the heat of regeneration is 3.54 

MJ/kg CO2 captured [75], and the solvent loss is 0.0032 kg MEA/kg CO2 captured [60]. For UiO-66-NH2, the 

upstream GWP is 43 kg CO2 eq/kg, the CO2 uptake is 0.16 kg CO2/kg sorbent (average of 0.06-0.26) [39-43, 54-58], 

the heat of regeneration is assumed to be 30 kJ/mol CO2 (i.e., 681MJ/tonne CO2) captured (identical to the heat of 

sorption) [91] 

 

The discussions above emphasized the importance of considering the cradle-to-gate 

impacts of UiO-66-NH2 when it is used in sustainability-related applications. Also, the long-term 

experimental works on the reversibility/recyclability of MOFs are crucial to determine cradle to 

grave environmental impacts when it comes to sustainability-related applications. To date, a large 
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variety of materials has been created and used for sustainable purposes, while most research efforts 

have been focused on gate-to-grave environmental impacts. For those materials, the cradle-to-gate 

LCA could be implemented to comprehensively evaluate the full life-cycle sustainability. 

6.4. Conclusions 

In this paper, process-based cradle-to-gate LCA and TEA were carried out to evaluate the 

life cycle environmental impacts and production costs associated with UiO-66-NH2 production via 

the conventional solvothermal system and the aqueous solution-based system on the pilot-scale. 

The LCA results demonstrate that the aqueous solution-based system has much lower 

environmental impacts compared to the conventional solvothermal system. The aqueous solution-

based system differs from the conventional solvothermal system by using water as the solvent and 

the cleaning agent. In this regard, the significant environmental burdens associated with organic 

solvents production and heat required for solvent recovery could be avoided. Furthermore, higher 

product yield is achieved in the aqueous solution-based system such that less material is consumed 

and the environmental burdens are lower. Compared with the solvothermal system, the aqueous 

solution-based system reduces the environmental impacts to up to 91%. A similar trend was 

observed in the TEA. The production cost of UiO-66-NH2 from the aqueous solution-based system 

(14.2 $/kg to 17.5 $/kg) is much lower compared to that from the solvothermal system (56 $/kg to 

117 $/kg) due to the significant reduction of operating costs.  

Our results reveal UiO-66-NH2 production from the aqueous solution-based system is 

significantly more environmentally and economically feasible than the solvothermal system, and 

we believe this conclusion holds true for other MOFs given the high contributions of organic 

solvent usage to TEA and LCA metrics. Despite the environment and economic favorability of 

aqueous system, if UiO-66-NH2 is applied in sustainability-related areas (e.g., CO2 capture and 
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storage), further research should be done to investigate if UiO-66-NH2 could be a better alternative 

to the existing benchmark (i.e., MEA) via comprehensive cradle-to-grave LCA. Our results 

demonstrate retrofitting existing coal-fired power plant with CCS can lead to a significant 

reduction in life cycle GWP. If the material loss of UiO-66-NH2 is less than 0.0017tonne/captured 

CO2, UiO-66-NH2 based CCS system could be more environmentally friendly than the MEA-

based CCS system. However, due to the lack of long-term experimental work on MOF degradation 

and decomposition, as well as the high production costs, it is apparent there are remaining technical 

challenges for MOFs to be deployed at scale as an optimal material for CCS. 

To the best of our knowledge, this work is the first LCA and TEA study on UiO-66-NH2 

production via different synthesis systems. The findings of this article help identify the most 

promising approaches for MOFs synthesis at scale. In particular, using aqueous synthesis 

approaches seems to be eco-friendlier and more cost-effective if possible. Further investigations 

on UiO-66-NH2 losses during the CO2 capture and regeneration processes are encouraged to be 

done to facilitate the accurate evaluation of using UiO-66-NH2 for CCS. 
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Chapter 7. Aqueous Solution-based Synthesis of UiO-66-NH2/Poly(L-DOPA)@PVDF 

Mixed Matrix Membranes and Their Ion Transport Properties 

7.1 General Motivations 

Metal-organic frameworks (MOFs) are a new class of materials, consisting of metal ions or 

clusters coordinated with organic linkers. MOFs are known for their high porosity and high 

degree of chemical/structural tunability.[1–3] An attractive feature of MOFs is their uniform and 

tunable pore size, which can be utilized for selective size-based small molecule separation.[4] 

For example, ZIF-8 [5] has a nominal pore radius lager than water molecule radius and smaller 

than hydrated ion (e.g., Na+ and Cl-) radius and is therefore a promising material for desalination 

applications.[6,7] Moreover, UiO-66-R (R= - H, -NH2, -OH, etc.) has a tunable pore radius (based 

on the R group) [8,9] that is generally similar to the radius of some hydrate alkali/alkali earth 

metal ions (e.g., Li+, Na+, Mg2+). [10] As such, UiO-66-R is suitable for selective ion separations 

and will be the MOFs used in the proposed work. 

The particulate nature of UiO-66-R hinders its ability to form free-standing self-supporting 

films for separation applications, so therefore, porous membrane supports are required to 

fabricate UiO-66-R containing mixed matrix membranes (MMMs).[11–13] In the typical 

solvothermal fabrication of MMMs, porous Al2O3 membranes are heated in a DMF precursor 

solution of UiO-66-R (e.g., ZrCl4 and terephthalic acid) for 24 to 48 h in an autoclave, and UiO-

66-R attaches to the membrane surface by heterogeneous nucleation.[10,14,15] The resulting 

MMMs have high surface coverage of UiO-66-R, and good morphology control over the UiO-66-

R crystals are achieved in this process. [10,14,15] This Al2O3-DMF solvothermal system, 

although widely used, has several drawbacks that limit its application for large scale fabrication 

of UiO-66-R containing MMMs. First, the porous Al2O3 membranes are brittle, and any uneven 
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force encountered could potentially result in membrane failure (i.e., small cracks can lead to 100% 

loss of selectivity). Second, using DMF limits the options for replacing brittle Al2O3 with porous 

polymeric membranes (e.g., polysulfone (PSf), polyethersulfone (PES) and polyvinylidene 

fluoride (PVDF)), because many membrane materials are soluble in DMF. Finally, this 

solvothermal synthesis is not suitable for continuous large-scale fabrication of MMMs because it 

is usually carried out in sealed pressurized containers (i.e., the synthesis has a batch nature). 

Therefore, developing alternative synthesis conditions for facile UiO-66-R containing MMMs 

fabrication is a pressing engineering challenge that must be resolved before these MMMs can be 

commercialized and further adapted in separations. 

Recently, Huelsenbeck et al. developed an aqueous solution-based system for rapid UiO-66-

R (R= -H, -NH2) synthesis.[16] Uniquely in this system, the zirconium oxo cluster [8,9] (the 

secondary building units (SBUs) for UiO-66-R) formation and the linker deprotonation are 

performed in separate aqueous solutions, and the UiO-66-R forms instantaneously after mixing 

the two solutions together. Compared to the DMF solvothermal synthesis, the new synthesis 

method can be applied to more polymeric membranes as the membranes used for ion separations 

are fully compatible with water. Nevertheless, the instantaneous formation of UiO-66-R has the 

potential to be developed into a continuous MMMs fabrication process. As such, this system is 

chosen to be the platform of the proposed work. 

7.2 Transport Scenario Analysis 

Although the aqueous solution-based system for rapid UiO-66 derivatives synthesis is 

favorable from the commercialization aspect and the environmental impact aspect, this synthesis 

technique still faces some challenges in achieving good ion selectivity. In the traditional DMF 

solvothermal synthesis, the reactions rate is slow enough so the SBUs have enough time to adhere 
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to the membrane surface even in the absence of specific binding sites.[10,14,15] However, in the 

novel rapid synthesis, the reaction often completes in few seconds, so the adhesion of UiO-66 

derivatives to the membrane surface will be poor in the absence of specific binding sites. The 

difference in adhesion results in different packing of UiO-66 derivatives on the membrane surface 

and/or in the membrane pores, and such packing differences lead to different transport scenarios. 

Four representative transport scenarios (Figure 7.1) are discussed below. 

 

Figure 7. 1. Possible ion transport mechanisms in the UiO-66-NH2/PVDF MMMs. In pristine PVDF UF membranes 

(top-left case), the transport is achieved by membrane pore-flow. In UiO-66-NH2/PVDF UF membranes (top-right 

case through bottom right case), the transport could be achieved by membrane pore-flow (top-right case), membrane 

pore-flow and MOFs pore-flow (bottom-left case) or MOFs pore-flow. The exact transport mechanism in UiO-66-

NH2/PVDF UF membranes depends on the packing of UiO-66-NH2 particles in the membrane pores and/or on the 

membrane surface. 

In the pure PVDF ultrafiltration (UF) membranes, the ion transport occurs through the 

interconnected membrane pores (Figure 7.1 top-left case). The surface chemistry of the PVDF 

membrane pores is not expected to affect ion selectivity, and indeed, the PVDF UF K+/Li+ 

membrane selectivity, measured to be 1.45, is identical to the bulk solution diffusivity 
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selectivity.[17] In the UiO-66-NH2/PVDF MMMs, the ion transport mechanism is highly related 

to the packing of UiO-66-NH2 particles on the membrane surface and/or inside the membrane 

pores. If the UiO-66-NH2 particles are poorly packed (Figure 7.1 top-right case), the particle-

particle and/or particle-polymer interstitial space size is much greater than the UiO-66-NH2 pore 

size. In this case, the UiO-66-NH2 particles are present in the MMMs, but mass transport through 

the interstitial space dominates over transport through the MOF, so the MOF primarily takes up 

space relative to the no MOF case. If the UiO-66-NH2 are closely packed (Figure 7.1 bottom-left 

case), the particle-particle and/or particle-polymer interstitial space size is comparable to the 

UiO-66-NH2 pore size). In this case, the UiO-66-NH2 particles in the MMMs starts to provide 

additional size-based selectivity because the ion transport occurs through both interstitial space 

and UiO-66-NH2 pores. Finally, if the UiO-66-NH2 particles occupy all the membrane pores or 

cover the membrane surface (Figure 7.1 bottom-right case), the ion transport is achieved solely by 

diffusion through the UiO-66-NH2 pores, and the highest ion selectivity could be achieved. This 

selectivity is equivalent to the intrinsic ion selectivity of the UiO-66-NH2. It should be noted that 

analysis above did not consider the defects in UiO-66-NH2 particles. If defects are formed in the 

UiO-66-NH2 particles, the ion selectivity will be compromised. For example, in the Figure 7.1 

bottom-right case, if the UiO-66-NH2 particles are defective, the ion transport situation might fall 

between the Figure 7.1. bottom-left case and the Figure 7.1. bottom-right case depending on the 

defect size and concentration. 

The ion selectivity of the MMMs could be improved by enhancing the MOFs-polymer 

interactions (i.e., the membrane surface and or the pore surface could be functionalized to bind 

strongly with the MOFs). In a recent study, porous polyethylene terephthalate (PET) membranes 

were treated with NaOH solution to create carboxylic acid terminated membrane pore 



198 

 

surface.[18] These carboxylic acid groups bound favorably to the zirconium oxo clusters to create 

growth sites for UiO-66-NH2 on the pore surface, which caused the membrane pores to be 

completely filled with UiO-66-NH2 particles. As such, the ion transport in these UiO-66-

NH2@PET MMMs occurred through the UiO-66-NH2 pores, and high anion selectivity was 

reported. Similar design criteria will be introduced to the proposed work, where the commercially 

available PVDF UF membranes will be modified with levodopa (L-DOPA) to make poly(L-

DOPA)@PVDF membranes. 

7.3 Experimental Methods 

7.3.1 Functionalization of the PVDF Membrane by poly(L-DOPA) Deposition 

In the previous transport mechanism analysis, it is expected that the highest selectivity to 

be achieved when UiO-66-NH2 crystals could fully cover the membrane surface or fill the 

membrane pores. Therefore, it is desired to initiate the nucleation and growth of UiO-66-NH2 from 

the membrane surface or the membrane pore surface so the UiO-66-NH2 crystals would adhere 

tightly to the membrane/membrane pore surface. However, the surface chemistry of the pristine 

PVDF UF membranes is considered as inert to both the zirconium-oxo cluster and the 2-

aminoterephalitic acid linker, so therefore, initiating nucleation and growth from the membrane 

surface or the membrane pore surface is difficult. Hence, the surface of the pristine PVDF UF 

membranes need to be modified to create carboxylic acid groups as anchoring sites for the 

nucleation and growth of UiO-66-NH2. 

The typical experimental procedures are summarized as follows. A 15 mM Tris buffer 

solution was prepared by dissolving 0.03 g of NaOH and 1 mL 1.5 M Tris-HCl solution (pH = 8.8) 

in 99 mL DI water. The L-DOPA coating solution was then prepared by dissolving 200 mg of L-

DOPA powder in the 15 mM Tris buffer solution (2 mg L-DOPA/mL solution). A 9 cm × 9 cm 
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piece of PVDF membrane was cut from the membrane roll and soaked in DI water overnight to 

get fully hydrated. The hydrated membrane piece was then sandwiched between two 12 cm × 12 

cm silicone pads, and the silicone pad on the top has an 8 cm × 8 cm opening. The sandwiched 

sample was further sandwiched between two 12 cm × 12 cm PTFE plates, and the PTFE plate on 

the top also has an 8 cm × 8 cm opening. This custom PTFE mold was tightened by 8 set of screws 

(Figure 7.2). The L-DOPA coating solution will then be poured onto the PVDF membrane in the 

custom Teflon mold, and the mold subsequently placed on an orbital shaker (shaking speeding = 

20 rpm). After 12 h of coating at 26±1 ℃ , the poly(L-DOPA) solution was drained by a pipette. 

The membrane was washed by both water and ethanol to remove any residual L-DOPA and weakly 

attached poly(L-DOPA) and was stored in DI water till further modifications and/or 

characterizations. It should be noted that, during the coating process, the coating solution turned 

from light orange to black, and the membrane surface turned from white to dark brown. An 

illustration of the coating process is presented in Figure 7.3. 

 

Figure 7. 2 Structure of the custom PTFE mold for reactions. The reaction area of the membrane is 64 cm2. 
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Figure 7. 3 Modification of the PVDF UF membrane by poly(L-DOPA) deposition. In a basic solution, the presence 

of dissolved oxygen initiated the oxidation and self-polymerization of DOPA, and the product poly(L-DOPA) 

slowly deposited onto the membrane surface. At the end of the coating process, both the membrane surface and the 

membrane pore surface were terminated in carboxylic acid groups, and these groups would serve as anchoring sites 

for the nucleation and growth of UiO-66-NH2 in the subsequent modifications. 

7.3.2 Synthesis of the UiO-66-NH2/poly(L-DOPA)@PVDF Mixed Matrix Membranes 

In a recent work by Huelsenbeck et al., an aqueous solution-based reaction system was 

developed for rapid synthesis of UiO-66 derivatives.[16] In this reaction system, a metal (node) 

solution and a linker solution were prepared separately, and the two solutions were subsequently 

mixed to produce UiO-66 derivatives. Huelsenbeck et al. further combined this synthesis 

technique with sequential dip coating (SQD) to fabricate UiO-66 derivative on different fiber 

substrates. Based on their experience, a layer-by-layer (LbL) synthesis method will be used in this 

project. 

The typical synthesis conditions are summarized below. To prepare the metal node (e.g., 

zirconium oxo cluster) solution, 2.576 g zirconyl chloride octahydrate (ZrOCl2·8H2O), 10 mL 
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acetic acid (AcOH) and 24 mL DI water were first mixed in a 100 mL glass beaker to form a 

transparent solution. This solution was autoclaved at 70 °C in a convection oven for 2 h. After the 

solution cooled down to room temperature, the solution was transferred into another glass beaker, 

and Na2CO3 was slowly added to the solution till the solution pH reaches 4.5.[19] To prepare the 

linker solution, 1.448 g 2-aminoterephthalic acid (2-ATA) and 0.64 g NaOH were co-dissolved in 

40 mL DI water. A 9 cm × 9 cm piece of poly(L-DOPA) modified PVDF membrane was placed 

in the PTFE mold described earlier, and the residual water on the membrane surface will be gently 

removed using a laboratory wipe. The membrane was then rinsed with the metal solution for 1 

min, rinsed with DI water for 30 s and rinsed with the linker solution for another 1 min. After one 

metal solution rinse and one linker solution rinse, the membrane surface was washed with DI water 

to remove any unattached particles. The process of one metal solution rinse, one linker solution 

rinse is referred to as one cycle. The LbL synthesis will be repeated up to 10 cycles (1, 3, 5, 7, 9 

and 10 cycles), and the final UiO-66-NH2 loaded poly(L-DOPA) modified PVDF membranes were 

be labelled by the number of growth cycles. For example, if the growth was repeated for 3 cycles 

for a membrane, then this membrane was named as “Cycle 3”. When the LbL synthesis was done, 

the membranes were stored in DI water till further characterizations. 

7.3.3 Salt Permeance Measurements 

Salt permeance, B, was measured from direct permeation experiment on a custom dual 

chamber permeation cell (Figure 7.4).[20] The general experimental procedures are summarized 

below. Prior to the experiment, the membrane samples were taken out from DI water and cut into 

3 cm ×3 cm squares, and the residual water on sample surface was gently removed using a 

laboratory wipe. This sample was then sandwiched between two silicone pads with pre-defined 2 

cm diameter openings, and the sandwiched sample was carefully placed in between the donating-
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cell and the receiving-cell such that the openings on the silicone pads and on the cells were 

perfectly aligned. In all experiments, the functionalized PVDF surface was facing the donating-

solution and the PET backing was facing the receiving solution. At the beginning of the experiment, 

the donating-cell was charged with 150 mL of 0.1 M salt solution, and the receiving-cell was 

charged with 150 mL DI water. The solution in both cells was stirred at 420 rpm using overhead 

mechanical stirrers to homogenize the solution. A DDSJ 308F conductivity meter was inserted 

into the receiving solution to keep track of the change in solution conductivity over time, and the 

solution conductivity was translated into the solution salt concentration at the end of each 

experiment using the corresponding calibration curves. Finally, B was calculated as: 

ln [1 − 2
𝐶𝑅(𝑡)

𝐶𝐷(0)
] [−

𝑉

2𝐴
] = 𝐵𝑡                                                          (1) 

where 𝐶𝑅(𝑡) is the receiving-cell salt concentration at time t, 𝐶𝐷(0) is the initial donating-cell salt 

concentration (0.1 M), V is the solution volume in each cell (150 mL), and A is the effective 

transport area (3.14 cm2). Under the pseudo-steady-state analysis, a linear line was obtained by 

plotting ln [1 − 2
𝐶𝑅(𝑡)

𝐶𝐷(0)
] [−

𝑉

2𝐴
] against t, and the slope for this line is B (Eqn. (1)). 
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Figure 7. 4 General setups for direct permeation experiments. The donating-cell is on the left side, and the 

receiving-cell in on the right side. The conductivity meter (not pictured) is inserted into the receiving-cell to track 

the change in solution conductivity during the experiments. 

7.3.4 Instrumental Analysis 

Fourier Transform-Infrared Spectroscopy (FTIR) and X-ray Diffraction (XRD) were used 

to verify the presence of UiO-66-NH2 on the membranes. Thermalgravimetric Analysis (TGA) 

and Surface Analysis (SA) were used to investigate the quality of the obtained UiO-66-NH2 phase. 

Scanning Electron Microscope (SEM) was used to study the morphology of the UiO-66-NH2 phase. 

7.4 Results and Discussions 

7.4.1 Salt Permeance and Salt Selectivity 

 

Figure 7. 5 Membrane salt permeance results as a function of the number of UiO-66-NH2 growing cycles. For each 

membrane-salt pair, six direct permeation tests were conducted to maximize the statistical confidence of the results. 

All the tests were carried out at 299±1 K, using 0.5 M salt solutions as the donors. 

As shown in Figure 7.5, the membrane salt permeance decreased monotonically as more 

UiO-66-NH2 particles were loaded, for all salt tested, and the salt permeance reduction was as high 

as 94% when the UiO-66-NH2 growth was repeated for 10 cycles. The salt permeance reduction 
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could be explained with the serial-resistance model for mass transfer. [21] When the membrane is 

covered by a layer of less permeable materials, i.e., UiO-66-NH2 in this work, the overall mass 

transfer resistance is largely determined by the covering layer, and the overall salt permeance 

decreased as the layer gets thicker, i.e., more growing cycles performed. Furthermore, the salt 

permeance reduction did not vary linearly with the increase in the number of growing cycles, and 

an initial lag (cycle 0 to cycle 1) and a possible final plateau (cycle 9 to cycle 10) were observed. 

Such observations were related to the growing manner of UiO-66-NH2 on the membrane. When 

the cycle number was low, i.e., below 3 cycles, the UiO-66-NH2 might not be able to cover the 

whole membrane surface, so the membrane salt permeance did not change dramatically. When the 

cycle number was high, i.e., above 9 cycles, the adhesion of newly formed UiO-66-NH2 particles 

to the existing layer might be weak, thus the increase in mass transfer resistance is minimal and 

the membrane salt permeance did not decrease further. In dense polymeric membranes, the 

decrease in membrane salt permeability is often correlated with the increase in the membrane salt 

selectivity.[22,23] However, for the membrane composites considered in this work, the conclusion 

above might not be true. For example, if the UiO-66-NH2 layer has defects (e.g., 4 nm voids 

compared to the 1 nm UiO-66-NH2 pores), the transport of ions is more preferable through the 

non-selective defects than through the selective pores due to the lower mass transfer resistance. 

Hence, the membrane salt selectivity values were calculated by normalizing the membrane salt 

permeance over membrane LiCl permeance, and the results were presented in Figure 7.6. 
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Figure 7. 6 Membrane salt selectivity as a function of the number of UiO-66-NH2 growing cycles. 

As shown in Figure 7.6, the control membrane (Cycle 0 sample) has a KCl/LiCl selectivity 

of 1.38 and a NaCl/LiCl selectivity of 1.17, and these two salt selectivity values are close to the 

corresponding solution diffusivity selectivity values. Therefore, the control membrane did not 

provide additional salt selectivity for the salt pairs analyzed in this work. The UiO-66-NH2 loaded 

membranes, from Cycle 1 to Cycle 10, did not show statistical difference in their salt selectivity 

values when compared to the control membrane (i.e., Cycle 0). Hence, the active layer of UiO-66-

NH2 is defective, according to the analysis in the previous section, and the defects could originate 

from two sources, the defects within UiO-66-NH2 particles and/or the voids between adjacent UiO-

66-NH2 particles. In Section 2, comprehensive instrumental analysis results will be presented and 

interpreted to identify which type(s) of defects existed in the UiO-66-NH2 active layer. 
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7.4.2 Instrumental Analysis Results 

 

Figure 7. 7 FTIR spectra for the Cycle 0 sample and the Cycle 10 sample. The measurement resolution was fixed at 

4 cm-1. 

As shown in Figure 7.7, two major peaks, locating at 1570 cm-1
 and 760 cm-1, were found 

in the spectrum for the Cycle 10 sample. Hence, after 10 cycles of repeated growth, the bonding 

pattern that exists in the UiO-66-NH2 was found on the membrane, which indicates that UiO-66-

NH2 might form successfully.[24,25] However, it is still possible that the obtained phase was an 

amorphous zirconium-carboxylate coordination polymer, so further XRD characterization was 

carried out. 
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Figure 7. 8 XRD patterns for the UiO-66-NH2 powder and the Cycle samples. The measurement resolution was 

fixed at 0.02°. 

In the above XRD patterns, three major peaks for UiO-66-NH2, locating at 7.5°, 9°, and 

12.5°, were found in all samples. These peaks correspond to the 111, 200, and 220 planes of UiO-

66-NH2, respectively.[16,26,27] For all samples investigated, the diffraction peaks were not sharp 

or intense, which indicates that small particles were presented in the UiO-66-NH2 phase. 

Furthermore, the peak intensity for the Cycle 1 sample was even lower compared to that for any 

other sample analyzed, and such low peak intensity is due to the low surface coverage of UiO-66-

NH2 in the Cycle 1 sample, which was also confirmed by the ion transport tests in the previous 

section. The XRD results confirmed the obtained phase was UiO-66-NH2, yet it could not provide 
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more insights on the defects in/between UiO-66-NH2 particles. Therefore, TGA, SA and SEM 

were conducted. 

 

Figure 7. 9 TGA curve of the UiO-66-NH2 powder obtained from the repeated growth method. The TGA test was 

carried out in air, and the heating rate was fixed at 10 °C/min. 

The decomposition of UiO-66-NH2 in air is a three-stage process.[16] First, the trapped 

solvent, i.e., H2O in this work, was evacuated from the pores at low temperature, i.e., below 150 

°C. Next, dehyroxylation occurred at moderate temperature, i.e., between 150 and 300 °C, and 

UiO-66-NH2 was converted into Zr6O6(ATA)6 at 300 °C . Finally, complete oxidation-

decomposition took place at high temperature, i.e., above 300 °C, and Zr6O6(ATA)6 was fully 

oxidized into ZrO2, N2, CO2 and H2O at 600 °C. The TGA curve in Figure 7.5 was generated by 
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setting the ZrO2 weight (ash weight) to 100% and normalizing the sample mass with this value. If 

the UiO-66-NH2 is defect free, then the normalized sample weight at 300 °C  should be 

232%.[16,27] However, the normalized sample weight for the obtained UiO-66-NH2 was 213% at 

the same temperature, so the obtained sample has missing linker defects. The number of missing 

linkers was further calculated, and on average 1.6 linkers (out of the 12 linkers) were missing per 

metal cluster. The TGA results indicate that the UiO-66-NH2 obtained from the repeated growth 

method was slightly defective,[16] so SA was conducted to study the potential influence of the 

defects on the sample surface area. 

 

Figure 7. 10 N2 adsorption-desorption isotherms of the UiO-66-NH2 powder obtained from the repeated growth 

method. The isotherms were measured at 77 K. 
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The N2 adsorption-desorption isotherms of the UiO-66-NH2 were generated by plotting the 

amount of N2 adsorbed as a function of the relative pressure, P/P0. The specific surface area of 

UiO-66-NH2 was calculated using both the single point method and the BET method, and the 

calculated values are 806 cm2/g and 824 cm2/g, respectively. The specific surface area of UiO-66-

NH2 in this work is comparable to the values reported by our previous paper.[16] Therefore, the 

missing linker detected by TGA did not significantly change the UiO-66-HN2 crystal structure, 

otherwise the specific surface area of UiO-66-NH2 would be much lower. Interestingly, a 

hysteresis loop was found on the isotherms, thus indicating the UiO-66-NH2 obtained in this work 

is mesoporous.[25,26] Further BJH pore size calculation yielded an average pore size of 4.21 nm. 

The origin of the mesopore could come from two sources. On the one hand, a large single crystal 

could have a decent amount of internal cavity, i.e., both metal clusters and linkers are missing (so 

the linker to metal cluster ratio is relatively unchanged). On the other hand, the mesopores could 

form when a large number of small crystals form an aggregate.[25,26] The origin of the mesopores 

needs to be further elucidated by SEM images, yet the presence of mesopores is sufficient to 

explain why the UiO-66-NH2 layer provided no size-based ion selectivity. 

 

Figure 7. 11 SEM images of the Cycle 10 membrane at (A) low resolution and (B) high resolution. 

(A) (B) 
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The SEM images of the Cycle 10 membrane were taken at different resolutions. In Figure 

7.11(A), no particles or cracks could be observed, which suggests the particles are small and are 

densely packed. In Figure 7.11(B), small particles with diameter between 10 to 20 nm were 

observed, and these particles aggregated into a dense layer. Hence, the mesopores detected in SA 

were more likely the result of small particle aggregation. These mesopores need to be eliminated 

or filled before the UiO-66-NH2 layer provides size-based ion selectivity. 

7.5 Conclusion and Perspectives 

Applying the rapid aqueous solution-based synthesis of UiO-66-NH2 on the L-(DOPA) 

modified PVDF membranes did not yield improvement in the membrane ion selectivity as 

expected, due to the formation of the mesopores between UiO-66-NH2 particles. Two possible 

routes could be taken to solve the problem, and both of them require the presence of a polymer. 

First, a water-soluble polymer, e.g., PVA, could be dissolved in both the metal solution and the 

linker solution to create an inter-penetrating network during the UiO-66-NH2 formation. 

Alternatively, the UiO-66-NH2 could be dispersed in a PVA solution, and the PVA-UiO-66-NH2 

mixture could be filtered onto an UF membrane to create a selective layer. The results from this 

work is intended to serve as a start point for further research efforts on the synthesis of ion selective 

MMMs from aqueous solutions. 
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8. Conclusion  

 For dense ion exchange membranes used in electric field-driven specific ion separation 

applications, their performance is often evaluated by the ion separation factor. The ion separation 

factor is related to two selectivity, the sorption selectivity and the diffusivity selectivity. The ion 

sorption selectivity can be determined from either ion exchange isotherm or ionic conductivity 

measurements. When ion exchange isotherm measurements are used to determine the sorption 

selectivity, a dimensionless ion exchange affinity is often used to correlate the membrane phase 

ion concentration to its fixed charge concentration, for a given solution phase composition. 

Alternatively, conductivity measurements can be used to determine the sorption selectivity when 

the counter-ion form of the membrane is not dominated by a single counter-ion when ion specific 

interactions with the polymer are negligible. As for the diffusivity selectivity, it could be either 

predicted theoretically or measured experimentally. The free volume theory may be useful for 

connecting membrane water/salt selectivity, a type of selectivity that is important for 

desalination membranes, to the counter-ion/counter-ion selectivity that is critical for ion 

separation. When the counter-ion diffusivity selectivity is measured using ionic conductivity 

experiments, the influence of co-ion transport should be carefully considered, as neglecting the 

co-ion transport is sometime inappropriate. 

 The water and salt transport properties of desalination membranes are often influenced by 

the presenting functional groups. These functional groups could be further classified into two 

categories, the non-interactive functional groups and the interactive functional groups. The non-

interactive functional groups have negligible interactions with water or ions in the membranes, 

while the interactive functional groups have specific interactions with water or ions.  
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Water and salt transport properties of a series triptycene-containing sulfonated polysulfones 

were studied, and the water/salt selectivity properties of the materials suggest that incorporating 

triptycene groups (non-interactive) into sulfonated polysulfone materials may increase modestly 

water/salt permeability selectivity. The triptycene-containing sulfonated polysulfones sorb more 

water than sulfonated polysulfones without triptycene (at comparable degrees of sulfonation), but 

the dry polymer density is not greatly affected by incorporation of triptycene in the polymer 

possibly due to strong hydrogen bond interactions between sulfonate groups in the dry polymers. 

No significant difference in salt sorption was observed between the TRP-BP materials and other 

sulfonated polysulfone materials as a function of water content. Both water and salt diffusion 

coefficients in the TRP-BP materials were suppressed compared to those values measured for 

BPS(H) and BisAS materials (at comparable water content). These observations may result from 

the influence of triptycene on polymer chain packing and/or on the distribution of free volume in 

the polymer, which could result in more tortuous transport pathways in the triptycene-containing 

polymers. Water/salt permeability selectivity was analyzed by considering both diffusion 

selectivity and sorption selectivity. The observed increase in water/salt permeability selectivity 

for some of the TRP-BP sulfonated polysulfone materials compared to the other materials that do 

not contain triptycene, suggests that incorporating bulky functional groups, such as triptycene, in 

polymers may be a strategy to increase the selectivity of desalination membrane materials. 

Water and salt transport properties of a series hydroxyl group-containing methacrylate 

membranes (HEMA:GMA:GMAOH) were studied, and the water/salt selectivity properties of 

the materials suggest that shifting the hydroxyl group configuration from a vicinal diol-rich 

configuration (GMAOH-rich) to an evenly-distributed configuration (HEMA-rich) lead to an 

increase in water/salt permeability selectivity. In these methacrylate membranes with equivalent 
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water content, configuring the hydroxyl group in an even-distribution manner leads to a 

reduction in salt sorption and permeability coefficients, which is favorable for desalination 

membrane applications. The observed reduction in salt sorption as the HEMA content of the co-

polymer increases is consistent with the reduction in the freezable water content of the hydrated 

co-polymer. A reduction in the apparent salt diffusion coefficient as the HEMA content of the 

co-polymer increases is also consistent with a hydrogen bonding environment where water 

molecules interact to a greater extent with the polymer backbone, and both of these conditions 

are consistent with the observed reduction in freezable water content as the HEMA content of the 

co-polymer increased. . The results suggest that a more distributed functional group 

configuration may facilitate low rates of salt transport, which could be a viable strategy for 

preparing water/salt selective polymers for desalination membrane applications. 

Process-based cradle-to-gate LCA and TEA were carried out to evaluate the life cycle 

environmental impacts and production costs associated with UiO-66-NH2 production via the 

conventional solvothermal system and the aqueous solution-based system on the pilot-scale. The 

LCA results demonstrate that the aqueous solution-based system has much lower environmental 

impacts compared to the conventional solvothermal system. The aqueous solution-based system 

differs from the conventional solvothermal system by using water as the solvent and the cleaning 

agent. In this regard, the significant environmental burdens associated with organic solvents 

production and heat required for solvent recovery could be avoided. Furthermore, higher product 

yield is achieved in the aqueous solution-based system such that less material is consumed and 

the environmental burdens are lower. Compared with the solvothermal system, the aqueous 

solution-based system reduces the environmental impacts to up to 91%. A similar trend was 

observed in the TEA. The production cost of UiO-66-NH2 from the aqueous solution-based 
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system (14.2 $/kg to 17.5 $/kg) is much lower compared to that from the solvothermal system 

(56 $/kg to 117 $/kg) due to the significant reduction of operating costs. If UiO-66-NH2 is 

applied CCS, our results demonstrate retrofitting existing coal-fired power plant with CCS can 

lead to a significant reduction in life cycle GWP. If the material loss of UiO-66-NH2 is less than 

0.0017tonne/captured CO2, UiO-66-NH2 based CCS system could be more environmentally 

friendly than the MEA-based CCS system. If UiO-66-NH2 was to be applied in specific ion 

separation, the aqueous solution-based production should be used, and the gate-to-grave LCA is 

necessary to compare the performance of UiO-66-NH2 to the existing membrane materials. 

Applying the rapid aqueous solution-based synthesis of UiO-66-NH2 on the L-(DOPA) 

modified PVDF membranes did not yield improvement in the membrane ion selectivity as 

expected, due to the formation of the mesopores between UiO-66-NH2 particles. Two possible 

routes could be taken to solve the problem, and both of them require the presence of a polymer. 

First, a water-soluble polymer, e.g., PVA, could be dissolved in both the metal solution and the 

linker solution to create an inter-penetrating network during the UiO-66-NH2 formation. 

Alternatively, the UiO-66-NH2 could be dispersed in a PVA solution, and the PVA-UiO-66-NH2 

mixture could be filtered onto an UF membrane to create a selective layer. The results from this 

work are intended to serve as a start point for further research efforts on the synthesis of ion 

selective MMMs from aqueous solutions.  
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Appendix  

Appendix A: List of Symbols 

Table A. 1 List of Symbols 

A polymer related constant 

A membrane mass in the auxiliary liquid 

APS effective area of the sample available for saltpermeation 

APW effective area of the sample available for water permeation 

B membrane mass in air 

𝑏 adjustable parameter related to the size of the penetrant 

𝐶0 (equivalents of charge per volume) concentration of cations in the solution 

phase 

𝐶0 initial soaking solution concentration 

𝐶𝐴
𝑚 concentration of fixed charge group in the membrane phase 

CD(0) initial donor chamber salt concentration 

𝐶𝑓 desorption solution concentration 

𝐶𝑖
𝑚 concentration of i in the membrane phase 

𝐶𝑖
𝑠 concentration of ion i in the upstream solution 

𝐶𝑀
𝑚 concentration of counter-ion in the membrane phase 

CR(t) receiver chamber salt concentration at time t 

𝐶𝑊
𝑚 membrane water concentration 

𝐶𝑊
𝑆  water concentration in the external solution 

𝐶𝑋
𝑚 concentration of co-ion in the membrane phase 

𝐷𝑖
𝑚 average diffusion coefficient of ion i in the membrane phase 

𝐷𝑖
𝑠 average diffusion coefficient of ion i in the solution phase 

𝐷𝑀
𝑚 average diffusion coefficient of counter ion in the membrane phase 

DS average salt diffusion coefficient 

DW average water diffusion coefficient 

𝐷𝑋
𝑚 average diffusion coefficient of co-ion in the membrane phase 

𝑒 elementary charge 

F Faraday’s constant 

𝐻 hydration 

𝐼 current density 

𝐽𝑖 average flux of ion i 

JW permeate water flux 

𝑘 Boltzmann’s constant 

𝐾𝑖 ion sorption coefficient 

𝐾𝑖𝑒𝑥 ion exchange equilibrium constant 

𝐾𝑗
𝑖 membrane sorption selectivity of counter-ion i relative to counter-ion j 

𝐾𝑀,𝑖 counter-ion sorption coefficient 

KW membrane water sorption coefficient 

𝑃𝑖 permeability of ion i 
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𝑃𝑊
𝐷  diffusive water permeability 

𝑃𝑊
𝐻  hydraulic water permeability 

L membrane thickness 

l membrane thickness 

mdry dry membrane mass 

𝑚𝑓 freezable water mass in the co-polymer 

mhydrated hydrated membrane mass 

𝑀𝑊 molecular weight of water 

R gas constant 

SF separation factor 

T absolute temperature 

𝑡𝑖 transport number of i 

𝑡𝑀,𝑚𝑖𝑛
𝑚  minimum counter-ion transport number 

𝑢𝑖
𝑚 membrane phase mobility of ion i 

V solution volume in each salt permeation chamber 

𝑉∗ minimum free volume size required by a penetrant 

𝑉𝐹
𝐻 average free volume element size in the hydrated polymer 

𝑉𝑓 total free volume of the membrane 

𝑉𝑓 desorption solution volume 

𝑉𝑓,𝑃 polymer free volume 

𝑉𝑓,𝑊 free volume of water 

𝑉𝑚 hydrated membrane volume 

�̅�𝑊 partial molar volume of water 

𝑤𝑓 freezable water 

𝑤𝑛𝑓 non-freezable water 

W.U water uptake 

𝑥𝑗 dimensionless composition of counter-ion j in the solution phase 

𝑦𝑗 dimensionless composition of counter-ion j in the membrane phase 

𝑧𝑖 valence of ion i 

𝑧𝑀 valence of counter-ion 

𝑧𝑋 valence of co-ion 

𝛼𝑖
𝑗 dimensionless ion exchange affinity 

𝛾 correction factor to prevent double counting the free volume elements 

𝛾±
𝑚 mean ionic activity coefficient in the membrane 

𝛾±
𝑠  mean ionic activity coefficient in the solution 

𝛿 thermodynamic non-ideality 

∆𝐻𝑝𝑜𝑙𝑦𝑚𝑒𝑟 enthalpy of melting in the co-polymer 

∆𝐻𝑚,𝐻2𝑂
°  enthalpy of melting for water 

∆𝑝 pressure difference across the membrane 

∆𝜋 osmotic pressure difference across the membrane 

𝜀 relative dielectric permittivity 

𝜀0 permittivity of free space 
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𝜅 ionic conductivity of the membrane 

𝜆𝐵 Bjerrum length 

𝜉 Manning parameter 

𝜌𝑎𝑢𝑥 density of the auxiliary liquid 

𝜌dry dry membrane density 

𝜙𝑊 membrane water volume fraction 
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Appendix B:  Supporting information for Chapter 3 

B.1. Diffusive Water Permeability and Water Diffusion Coefficient Calculations and 

Analysis using Flory-Huggins Theory 

The conversion of measured hydraulic permeability, 𝑃𝑊
𝐻 , to diffusive permeability, 𝑃𝑊

𝐷 , 

requires information about water sorption and thermodynamic non-ideality: 

 𝑃𝑊
𝐷 = 𝑃𝑊

𝐻 𝑅𝑇

�̅�𝑊

1−𝐾𝑊

𝛿
 (B.1) 

where 𝐾𝑊 is the water sorption coefficient (effectively the volume fraction of water sorbed by the 

polymer at equilibrium, c.f., Eq. (3.6) in the main text), R is the gas constant, T is the absolute 

temperature, and �̅�𝑊 is the partial molar volume of water in the polymer (taken to be the molar 

volume of water, 18 cm3/mol),[1] and 𝛿 is a thermodynamic factor that describes the relationship 

between the volume fraction of water sorbed by the polymer, 𝜙𝑊, and the thermodynamic activity 

of water in the polymer, 𝑎𝑊
𝑚, at equilibrium.[2] The thermodynamic factor is defined as:[2] 

 𝛿 ≡
𝜕ln𝜙𝑊

𝜕ln𝑎𝑊
𝑚 |

𝑎𝑊0
𝑚

 (B.2) 

where 𝑎𝑊0
𝑚  is the activity of water in the polymer at the upstream (or high pressure) polymer-

solution interface. In many studies, the thermodynamic factor and the convective frame of 

reference term, 1 − 𝐾𝑊, in Eq. (B.1) are set equal to unity, which is a reasonable assumption if 

𝐾𝑊 ≪ 1 and mixing between water and polymer can be considered thermodynamically ideal.[2] 

 

Evaluating 𝛿 can be accomplished by either measuring water sorption isotherms as a function of 

water activity or by using a suitable equation of state. One approach reported in the literature is to 

use Flory-Huggins theory to evaluate 𝛿.[1, 2] Flory-Huggins theory describes the relationship 

between the activity of water and the volume fraction of water sorbed in the polymer using an 

interaction parameter, χ:[3, 4] 

 ln 𝑎𝑊
𝑚 = ln𝜙𝑊 + (1 − 𝜙𝑊) + χ(1 − 𝜙𝑊)2 (B.3) 

The water sorption coefficient, 𝐾𝑊, is effectively equivalent to 𝜙𝑊,[5] so 𝛿 can be evaluated 

using Flory-Huggins theory as:[2] 

 𝛿 =
1

(1−𝐾𝑊)(1−2χ𝐾𝑊)
 (B.4) 
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Thus, if the Flory-Huggins interaction parameter for water and a polymer of interest is known, 

the diffusive water permeability can be calculated from the measured hydraulic water 

permeability and sorption coefficient as:[6, 7] 

 𝑃𝑊
𝐷 = 𝑃𝑊

𝐻 𝑅𝑇

�̅�𝑊
[(1 − 𝐾𝑊)2(1 − 2χ𝐾𝑊)] (B.5) 

The water diffusion coefficient, 𝐷𝑊, can then be calculated as:[2, 6, 8] 

 𝐷𝑊 =
𝑃𝑊

𝐷

𝐾𝑊
 (B.6) 

As discussed in the main text, the use of Eq. (B.5) to calculate the diffusive water permeability 

will only be accurate if Flory-Huggins theory accurately describes the relationship between water 

sorption and the activity of water. 

Water sorption isotherms as a function of water activity are not available for many 

polymers of interest, and this lack of experimental data prevents the direct calculation of 𝛿 using 

Eq. (B.2) or validation of whether Flory-Huggins theory is an appropriate model for the system. 

As such, attempts have been made to estimate the Flory-Huggins interaction parameter using a 

single point fit of the Flory-Huggins model (typically made using the pure water sorption data for 

the polymer).[1, 2] While this approach yields a value of 𝛿 for use in Eq. (B.5), it is possible that 

the approach could introduce an artifact if the Flory-Huggins model does not accurately describe 

water sorption in the polymer. 

In the main text, the analysis was performed by setting the interaction parameter in Eq. (B1) 

equal to unity. Here, the diffusive water permeability is calculated using two alternate cases: 1) the 

single point fit using Flory-Huggins theory and Eq. (B.5) and 2) the low water content 

approximation where the convective frame of reference term, 1 − 𝐾𝑊, is neglected and 𝛿 is taken 

as unity:[2, 9] 

 𝑃𝑊
𝐷 = 𝑃𝑊

𝐻 𝑅𝑇

�̅�𝑊
 (B.7) 

Interaction parameters, diffusive water permeability values, and water diffusion coefficients 

calculated using the single point Flory-Huggins fit and Eqs. (B.5) and (B.6) are provided in Table 

B.1 for the polymers discussed in this study. Water sorption isotherms presently are not available 

for the TRP-BP, BPS(H), or BisAS polymers discussed in this study, so the applicability of Flory-

Huggins theory (or the single point fit) to these materials is not currently known. 
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Table B. 1. Water transport properties and Flory-Huggins interaction parameters for the polymers discussed in this 

study. Previously reported data for the BPS(H) polymers and the BisAS polymers are included for comparison. 

Experimentally measured (using a dead-end cell pressurized to 400 psig at room temperature) hydraulic water 

permeability data are also provided.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material 
𝑷𝑾

𝑯  (L•µm/m2•h•bar) 
χ a DW b          (×10-6 

cm2/s) 

𝑷𝑾
𝑫  c               (× 

10-7 cm2/s) 

TRP-BP 1:1-35-acid 2.8±0.2 0.81 1.7±0.1 8.0±0.6 

TRP-BP 1:1-35-salt 0.55±0.07 0.9 0.7±0.1 2.5±0.3 

TRP-BP 2:1-35-acid 2.9±0.1 0.79 1.5±0.1 7.2±0.3 

TRP-BP 2:1-35-salt 0.75±0.07 0.93 1±0.1 3.8±0.4 

TRP-BP 1:1-50-salt 3.8±0.23 0.79 1.9±0.1 9.3±0.6 

BPS-35[1] 0.39 1.1 1.3 3.5 

BPS-40[1] 0.65 1.05 1.7 5 

BPSH-35[1] 2.1 0.88 2.1 8.7 

BPSH-40[1] 4.4 0.79 2.3 11 

BisAS-30[10] 0.46±0.02 1.15 1.9±0.1 4.5±0.2 

BisAS-40[10] 1.53±0.23 0.96 2.6±0.2 8.9±1.3 
aCalculated via a single point fit using pure water sorption data and Eq. (B.3) 
bCalculated using Eqs. (B.5) and (B.6) 
cCalculated using Eq. (B.5) 
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Figs. 3.2, 3.6, 3.7, and 3.9 from the main text were adjusted using the values reported in 

Table B.1 to prepare Figs. B.1, B.2, B.3, and B.4, respectively. Comparing Fig. B.1 to Fig. B.2 

(main text) and Fig. B.2 to Fig. B.6 (main text) reveals qualitative similarity between the data. This 

similarity suggests that the method of analysis does not appreciably affect the qualitative results 

that water diffusivity in the TRP-BP materials is suppressed at a given water content compared to 

the BPS(H) and BisAS materials (Fig. B.1 and Fig. B.5) and that salt diffusivity is more sensitive 

to water content compared to water diffusivity in the TRP-BP materials (Fig. B.2 and Fig. B.6). 

 

Figure B. 1. Water diffusivity, DW, as a function of 1/KW for the TRP-BP ( ), BPS(H) ( )[1], and BisAS ( )[10] 

materials. The DW values (Table B.1) were calculated using Eqs. (B.5) and (B.6). 
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Figure B. 2. TRP-BP water diffusivity (DW, , from Table B.1 – calculated using Eqs. (S5) and (S6)) and salt 

diffusivity (DS, , calculated from PS and KS values using Eq. (3.14) from the main text) as a function of 1/KW. 
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Figure B. 3. Diffusion selectivity, DW/DS, as a function of DW for the TRP-BP 1:1 ( ), TRP-BP 2:1 ( ), BPS(H) 

( )[1], and BisAS ( )[10] materials. The DW values (Table B.1) were calculated using Eqs. (B.5) and (B.6). 
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Figure B. 4. Trade-off between water/salt permeability selectivity, 𝑃𝑊
𝐷 𝑃𝑆⁄ , and diffusive water permeability, 𝑃𝑊

𝐷 , for 

the TRP-BP 1:1 ( ), TRP-BP 2:1 ( ), BPS(H) ( )[1], and BisAS ( )[10] materials. 𝑃𝑊
𝐷  values were calculated 

using Eq. (B.5). 

 

As observed in Figs. B.3 and B.4, using the single point Flory-Huggins fit to calculate 

values of the diffusive water permeability and water diffusion coefficients gives a qualitatively 

different picture of the material selectivity properties compared to the discussion in the main text. 

The water/salt diffusivity selectivity of the TRP-BP materials is suppressed relative to the other 

sulfonated polysulfones (Fig. B.3), and the acid-form TRP-BP materials have water/salt 

permeability selectivity values that are comparable to those values for the other sulfonated 

polysulfones (Fig. B.4). Since the sulfonated polysulfone materials are glassy polymers, it is not 
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clear whether the single point fit Flory-Huggins theory-based analysis of the diffusive water 

permeability and water diffusion coefficient introduces an artifact due to the way that the 

thermodynamics of the system are handled. This alternate analysis, though, is provided in contrast 

to the main text results to provide a comparison that is similar to other approaches that have been 

described in the literature.[1, 11, 12] 

When the diffusive water permeability and water diffusion coefficient are calculated using Eqs. 

(B.7) and (B.6), i.e., neglecting both the convective frame of reference and thermodynamic 

correction terms, the water/salt diffusivity and permeability selectivity plots can be updated 

accordingly (Figs. B.5 and B.6). This method of analysis suggests that the water/salt diffusivity 

(Fig. B.5) and permeability (Fig. B.6) selectivity properties of the TRP-BP materials are higher or 

comparable to that of the other sulfonated polysulfones. This analysis also is provided as other 

reports in the literature have taken this approach to analyze water transport data.[13] The three 

different approaches (one in the main text and 2 presented here) yield different quantitative results, 

and are provided in the interest of completeness. 
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Figure B. 5. Diffusion selectivity, DW/DS, as a function of DW for the TRP-BP 1:1 ( ), TRP-BP 2:1 ( ), BPS(H) 

( )[1], and BisAS ( )[10] materials. The DW values were calculated using Eqs. (B.7) and (B.6). The dashed line 

represents an empirical tradeoff frontier reported for desalination membranes.[13] 
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Figure B. 6. Trade-off between water/salt permeability selectivity, 𝑃𝑊
𝐷 𝑃𝑆⁄ , and diffusive water permeability, 𝑃𝑊

𝐷 , for 

the TRP-BP 1:1 ( ), TRP-BP 2:1 ( ), BPS(H) ( )[1], and BisAS ( )[10] materials. 𝑃𝑊
𝐷  values were calculated 

using Eq. (B.7). The dashed line represents an empirical tradeoff frontier reported for desalination membranes.[13] 
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B.2. Further Discussion Related to the Supression of Water and Salt Diffusion Coefficients 

upon Incorporation of Triptycene into Sulfonated Polysulfone 

The main text suggests that the TRP moieties in the TRP-BP polymers may affect the 

distribution of free volume in the TRP-BP polymers compared to the other sulfonated polysulfones 

in a manner that could be consistent with the idea of increasing the effective tortuosity of the 

transport pathways in the TRP-BP polymers. To further support the suggestion that triptycene 

incorporation in sulfonated polysulfone might effectively introduce more transport pathway 

tortuosity compared to the other sulfonated polysulfones, the salt transport properties of two set of 

sulfonated styrenic pentablock copolymers (sPBC)[14, 15] are compared to the sulfonated 

polysulfone data (Figs. B.7 and B.8); Figs. B.7 and B.8 correspond to Figs. 3.3 and 3.4 in the main 

text, respectively.  
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Figure B. 7. Salt sorption coefficient, KS, values as a function of the water sorption coefficient, KW, for the TRP-BP 

( ), BPS(H) ( )[1], BisAS ( )[10], and sPBC ( )[14] materials.  
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Figure B. 8. Salt permeability, PS, as a function of 1/KW for the TRP-BP ( ), BPS (H) ( )[1], BisAS ( )[10], and 

sPBC-B ( )[15] materials. The data are compared to a general representation (solid line) of uncharged hydrogel 

data reported by Yasuda et al.[16] 

 

This comparison was made due to the lack of random copolymer data where the tortuosity 

of the transport pathways was systematically varied. The pentablock copolymers micro-phase 

separate into hydrophilic and hydrophobic micro-domains.[17] Therefore, the pentablock 

copolymers have some element of transport pathway tortuosity. 

The salt sorption properties of the sPBC materials are similar to the sulfonated polysulfones 

as a function of polymer water content (Fig. B.7). Salt sorption data are not available for the sPBC-

B materials discussed here, so further analysis is focused in terms of salt permeability as opposed 
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to salt diffusion coefficients. If the salt sorption coefficient properties of the sPBC-B materials are 

similar to the sPBC materials, which may be a reasonable assumption given the chemical similarity 

between the materials, then discussion of salt permeability would be analogous to a discussion of 

salt diffusion coefficients. 

In Fig. B.8, the TRP-BP materials appear to establish a functional relationship between PS 

and 1/KW that appears to be largely coincident with the sPBC-B materials. While this observation 

does not confirm that triptycene affects the structure of the TRP-BP materials in a manner that is 

consistent with micro-phase separation in a block copolymer, the observation does suggest that 

micro-phase separation and tortuous transport pathways also tend to suppress salt permeation 

properties of micro-phase separated materials relative to non-micro-phase separated materials at 

comparable water content. 

This discussion is presented in terms of salt permeability due to the availability of 

published data for comparison. A similar situation and discussion might be expected for water 

transport properties as both water and salt transport in the materials are described by the solution-

diffusion model. Therefore, the incorporation of triptycene into sulfonated polysulfone may 

influence the polymer chain configurations (and/or the free volume distribution) in the materials 

in a manner that suppresses rates of water and salt permeability and diffusion. 
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Appendix C: Supporting information for Chapter 4 

C.1 Fourier-transform infrared (FT-IR) spectroscopy 

The FT-IR spectra of the hydrated HEMA:GMA:GMAOH film samples are shown in 

Figure C.1. All peak intensities were normalized to the C–O peak (for ester and ether functional 

groups) located at approximately 1160 cm–1 [1]. The location and intensity of most of the major 

peaks in the spectra are very similar, which is in good agreement with the structural similarity and 

equivalent water content nature of the materials.  

 

 

Figure C. 1. FT-IR spectra of hydrated HEMA:GMA:GMAOH film samples measured using an attenuated total 

reflectance (ATR) cell. The composition of the pre-polymerization solution used to prepare each co-polymer is 

listed for each spectrum. The dashed line indicates the position of the primary alcohol stretching peak 

(approximately 1070 cm–1) for the HEMA:GMA:GMAOH 60:40:0 material to illustrate the shift that occurs as 

GMAOH content increases. Additionally, the shoulder on the 1160 cm–1 peak is identified.   
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The C–O stretching peak, attributed to primary alcohol functionality (-CH2CH2OH) and 

located at approximately 1070 cm–1 [1], shifts to a lower wavenumber as the GMAOH composition 

of the pre-polymerization solution (used to prepare the co-polymers) increases. We attribute this 

peak shift to an increase in the vicinal diol content (-CHOHCH2OH) of the material that lowers 

the bond stretching energy for the primary alcohol moiety in GMAOH [1]. Furthermore, the 

presence of the secondary alcohol group in GMAOH (-CHOHCH2OH) could lead to multiple 

peaks in the range of 1150–1075 cm–1 due to coupling, and these peaks could overlap with the 

aforementioned C-O peak at 1160 cm-1 to yield the observed broad absorbance and a peak shoulder 

[1]. Hence, the FT-IR results support the qualitative increase in the GMAOH content of the co-

polymer as the GMAOH content in the pre-polymerization solution increases. 

 

C.2 Freezable water content per equivalent of hydroxyl group functionality  

To further explore the formation of freezable (i.e., bulk-like) water in the co-polymers, we 

calculated the number of moles of freezable water sorbed in the co-polymer per equivalent of 

hydroxyl group functionality in the material (Table C.1). This quantity provides additional insight 

into the distribution of water within the co-polymer. The vicinal diol-rich materials (i.e., the low 

HEMA-content co-polymers) have more freezable water compared to the HEMA-rich co-

polymers, and each hydroxyl group in the GMAOH-rich materials contributes more to the 

formation of freezable or bulk-like water. In other words, distributing the hydroxyl groups more 

evenly throughout the co-polymer (as in the HEMA-rich materials) results in a situation where 

each hydroxyl group creates less freezable water. 

Table C. 1. The freezable water content, non-freezable water content, and the number of moles of freezable water 

per equivalent of hydroxyl group in the hydrated HEMA:GMA:GMAOH co-polymers. 

 

HEMA:GMA:GMAOH 

Composition (by mass) 
𝑾𝒇 (%) 𝑾𝒏𝒇 (%) 

mol(freezable water) /  

eq(hydroxyl group) 

0:60:40 2.3 21.2 0.26 

15:55:30 1.9 22.3 0.22 

30:50:20 1.8 21.7 0.21 

45:45:10 1.2 22.3 0.14 

60:40:0 0.9 22.4 0.11 
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A sample calculation is provided for the HEMA:GMA:GMAOH 15:55:30 co-polymer. 

First, a dry polymer mass (mdry) basis was taken to be 1 g(dry polymer). The number of moles of 

freezable water in 1 g(dry polymer), nfw, was calculated as: 

𝑛𝑓𝑤 =
𝑚𝑑𝑟𝑦×𝑊𝑓

𝑀𝑊(𝑤𝑎𝑡𝑒𝑟)
=

1 𝑔×0.019

18 𝑔/𝑚𝑜𝑙
= 0.00106 𝑚𝑜𝑙   (C.1) 

where Wf is the mass of freezable water in the polymer per gram of dry polymer expressed as a 

decimal. The number of equivalents of hydroxyl functional groups in 1 g(dry polymer) was 

calculated using the theoretical composition of the co-polymer: 

𝑛𝑂𝐻 = 𝑚𝑑𝑟𝑦 (
𝑤𝑡 %(𝐺𝑀𝐴𝑂𝐻)×2

𝑀𝑊(𝐺𝑀𝐴𝑂𝐻)
+

𝑤𝑡 %(𝐻𝐸𝑀𝐴)

𝑀𝑊(𝐻𝐸𝑀𝐴)
) = 1 𝑔 (

30%×2

160 𝑔/𝑒𝑞
+

15%

130 𝑔/𝑒𝑞
) = 0.0049 𝑒𝑞  (C.2) 

Therefore, nfw / nOH = 0.22 mol(freezable water) per equivalent of hydroxyl group in the hydrated 

co-polymer. 
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Appendix D: Supporting information for Chapter 5 

D.1.  Additional Material Properties and Characterization 

D.1.1 Chemical Structure and Composition  

The chemical structure of the cross-linked HEMA:GMA:GMAOH co-polymer is shown 

as Figure D.1. The pre-polymerization solutions used to prepare the co-polymers for this study 

were prepared to contain a x:y:z, by mass, ratio of the HEMA:GMA:GMAOH co-monomers. 

While the sample nomenclature is based on this mass composition of the co-monomers in the pre-

polymerization solution, the pre-polymerization solution co-monomer and cross-linker mole 

fractions are provided in Table D.1 along with the theoretical hydroxyl group content of the 

materials, which was calculated under the assumption that the compositions of the pre-

polymerization solution and the resulting co-polymer are identical. 

 

 
 

Figure D. 1. Chemical structure of the HEMA:GMA:GMAOH co-polymer along with labels for the co-monomers 

(i.e., HEMA, GMA, and GMAOH) and cross-linker (i.e., PEGDMA). 
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Table D. 1. Pre-polymerization solution co-monomer and cross-linker mole fractions and the theoretical hydroxyl 

group content of the materials. 

 

Co-Polymer 

Sample 

Pre-Polymerization Solution Co-Monomer 

and Cross-Linker Mole Fractions Hydroxyl Group Content  

(meq –OH/ g dry polymer) 
HEMA  GMA  GMAOH  PEGDMA 

0:60:40 0 0.612 0.362 0.026 4.5 

15:55:30 0.163 0.547 0.265 0.026 4.5 

30:50:20 0.318 0.485 0.172 0.025 4.4 

45:45:10 0.465 0.426 0.084 0.024 4.3 

60:40:0 0.606 0.370 0 0.024 4.2 

 

 

The data in Table D.1 suggest that the extent of cross-linking and the hydroxyl group 

content of the co-polymer decrease slightly (by 8% and 7%, respectively) across the range of 

materials considered. Extent of cross-linking is known to affect water and salt transport 

properties,[1-4] and the hydroxyl group content may influence transport properties as well. The 

compositions chosen for this study yielded co-polymers with equivalent water content (as 

discussed in more detail in the main text), and this result may be due to the simultaneous 8% 

reduction in cross-link density, which would be expected to cause an increase in water content,[1] 

and 7% decrease in hydroxyl group content, which would be expected to cause a decrease in water 

content (due to the reduction in the concentration of hydrophilic moieties in the material). It is 

possible that these factors may influence the water and salt transport properties of the materials 

considered in this study, but due to the significant influence of polymer water content on water 

and salt transport properties,[5-7] the water content was held constant in this study to minimize 

the influence of water content changes on water and salt transport properties.  

D.1.2 Fourier-Transform Infrared (FT-IR) Spectroscopy 

The co-polymers were analyzed using Fourier-transform infrared (FT-IR) spectroscopy. 

The spectra (Figure D.2) are very similar for the five materials considered, which is expected given 
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the structural similarity of the co-polymers. The peak located at approximately 1050 cm–1 

broadened as the content of GMAOH in the pre-polymerization solution increased, and peaks in 

this range of the spectrum can be attributed to the C–O stretch associated with the hydroxyl groups 

on the side chains.[8] The broadening of this peak is consistent with a shift toward a higher vicinal 

diol content of the co-polymer due to the presence of the second hydroxyl group on the GMAOH 

side chain.[8] Thus, these results suggest a qualitative increase in the co-polymer GMAOH content 

as the pre-polymerization solution GMAOH content increased. 

  

 
 

Figure D. 2. Fourier-transform infrared (FT-IR) spectra for dry HEMA:GMA:GMAOH co-polymers. The spectra 

were obtained in attenuated total reflectance mode using co-polymers that had been dried under vacuum for 24 hours 

after an approximately 2 month long period where the films were soaked in de-ionized (DI) water. The figure on the 

right highlights the 700 to 1000 cm–1 region of the spectra shown on the left. 

 

 

Additionally, the FT-IR data suggest that the potentially reactive epoxide on the GMA side 

chain may be uniformly stable across the series of materials considered. The peak slightly above 

900 cm–1 can be attributed to the epoxide on the GMA co-monomer.[8] This peak is similar for all 

of the materials. Furthermore, the FT-IR analysis was performed on co-polymers that had been 
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soaked in de-ionized (DI) water for approximately 2 months (before being dried in advance of the 

FT-IR measurement). As such, the FT-IR results suggest that the epoxide functionality in the co-

polymers remains after 2 months of soaking in DI water. 

D.1.3 Thermal Properties 

In the main text, the difference between the water/salt diffusivity selectivity properties of 

the HEMA:GMA:GMAOH and PEG materials is suggested to be due to the glassy nature of the 

HEMA:GMA:GMAOH co-polymers compared to the rubbery nature of the PEG materials. The 

glass transition temperatures of the materials can be used to further support this explanation. The 

PEG materials reported in Figures 5.1 and 5.2 in the main text[9] are cross-linked poly(ethylene 

glycol) diacrylate hydrogels, and these materials have reported glass transition temperatures that 

are all below 0oC.[10] As a result, the PEG materials referenced in the main text were all rubbery 

polymers at the room temperature measurement conditions. 

The glass transition temperatures of the hydrated HEMA:GMA:GMAOH materials can be 

estimated using the Fox equation.[11, 12] While this approach is only a first approximation, it 

provides an estimate of the glass transition temperature of hydrated materials, such as 

HEMA:GMA:GMAOH, where the glass transition may be obscured by vaporization of some of 

the water sorbed in the polymer. Additionally, reasonable agreement between Fox equation 

calculated and measured glass transition temperatures has been reported for co-polymers 

containing HEMA.[13] The Fox equation suggests that the glass transition temperature of the 

hydrated HEMA:GMA:GMAOH co-polymers increases in the order of 108oC, 113oC, 116oC, 

121oC, and 126oC as the pre-polymerization solution HEMA composition increases from 0 to 60% 

(by mass). As such, these materials can be assumed to be glassy materials at room temperature as 

the glass transition temperatures of the materials are expected to be well above room temperature. 
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Because segmental dynamics are significantly slower in glassy polymers compared to rubbery 

polymers,[14, 15] the segmental dynamics of the glassy HEMA:GMA:GMAOH co-polymers are 

likely much slower compared to the segmental dynamics in the rubbery PEG materials. 

D.2. Experimental Methods 

D.2.1 Water Uptake 

Water uptake was measured gravimetrically by first equilibrating film samples in de-

ionized (DI) water (18.2 M cm) and subsequently drying the films under vacuum.[16-18] The 

dry polymer density was measured using an Archimedes principle method[16, 18] with 

cyclohexane, which was not sorbed to an appreciable extent by the co-polymers over the 

measurement timescale, as the auxiliary solvent. The water sorption coefficient, 𝐾𝑤, (or effectively 

the volume fraction of water in the co-polymer[19]) was calculated using a common volume 

additivity assumption.[5, 16, 17, 20-23] Samples were discarded and not characterized further after 

either the water uptake or density measurement process (i.e., all subsequent characterization was 

performed on separate samples that had not been dried following initial hydration). 

D.2.2 Salt Sorption 

Salt sorption was measured using a desorption procedure.[17, 24] Samples were initially 

equilibrated in an excess of 0.5 mol/L aqueous sodium chloride to allow salt to partition into the 

samples. The volume of the salt solution-equilibrated sample was determined by measuring the 

thickness and diameter of the circular coupons, and the sorbed salt was extracted from the sample 

by soaking the film in an excess of initially DI water.[17, 24] The salt sorption coefficient, 𝐾𝑠, was 

determined as the concentration of salt sorbed in the co-polymer relative to the concentration of 

salt in the solution used to initially equilibrate the sample.[24] 

D.2.3 Pure Water Permeability 
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Hydraulic water permeability was measured using a dead-end cell apparatus.[16] DI water 

was pressurized on the upstream side of the sample at 200 psi (13.8 bar), and permeate was 

collected over time to determine the steady state water flux, which was converted to hydraulic 

water permeability by normalizing the water flux by film thickness and the applied pressure 

difference.[5] The hydraulic permeability was converted into the diffusive water permeability, 𝑃𝑤, 

using the convective frame of reference correction factor and assuming that mixing of polymer 

and water was thermodynamically ideal.[5, 16] 

D.2.4 Salt Permeability 

Salt permeability was measured using a diffusion cell apparatus.[16] The upstream side of 

the diffusion cell was charged with 100 mL of 0.5 mol/L aqueous sodium chloride, and the 

concentration of salt in the downstream side of the diffusion cell (initially charged with 100 mL 

DI water) was measured as a function of time using a conductivity probe. The salt permeability 

measurement was maintained at 25oC by circulating water through the jacketed cell using a 

temperature-controlled circulator, and osmotic water transport was negligible over the 

approximately 1 hr long experiment. The concentration versus time data were combined with the 

measured film thickness to calculate the salt permeability of the sample.[16, 25] 

D.2.5 Hydrated Polymer Dielectric Property Characterization 

Dielectric permittivity properties were characterized from 0.45 to 20 GHz using a vector 

network analyzer (VNA) to study dipole relaxation dynamics of water sorbed in the materials. The 

measurement, described elsewhere,[17] was made on hydrated film samples that were wrapped 

around the center conductor of a 3.5 mm diameter coaxial transmission line. To improve the 

resolution of the dielectric loss spectra,[26] the annular space of the 5 cm long transmission line 

was filled with either 1 cm (for frequencies between 0.45 and 4 GHz) or 0.5 cm (for frequencies 
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between 1 and 20 GHz) of sample. The remaining space in the transmission line was filled with 

air, which was accounted for during data analysis. The data measured between 1 and 4 GHz for 

the two different sample lengths overlapped, as expected. The calibrated VNA measured S-

parameters were then related to the complex dielectric permittivity.[17, 27] The real part of the 

complex dielectric permittivity is the relative permittivity, 𝜀′, (often referred to as the dielectric 

constant) of the sample, and the imaginary part of the relative complex permittivity is the dielectric 

loss, 𝜀′′, of the sample.[28] 

D.3.  Microwave Dielectric Spectroscopy 

We measured the microwave frequency dielectric loss spectra for the hydrated co-polymers 

to probe dipole relaxation dynamics of water sorbed in the materials. The dielectric loss spectra 

for the hydrated HEMA:GMA:GMAOH co-polymers have features similar to that of pure 

water.[17, 26, 29] This similarity is reasonable given that water dipoles relax in the microwave 

frequency range (as opposed to polymer segmental dynamics that relax at lower frequencies).[30]  

As the HEMA content of the pre-polymerization solution used to prepare the co-polymer 

increased, the magnitude of the dielectric loss decreased, across the entire spectrum, but the shape 

of each spectrum remained similar (Figure D.3). This result suggests that, as the HEMA content 

of the pre-polymerization solution used to prepare the co-polymer increased, both energy 

dissipation and orientation polarizability for sorbed water molecules in the co-polymers decreased. 

This result may be due to a suppression of water motions caused by increased water interactions 

with the hydrophilic hydroxyl groups as the hydroxyl groups are more evenly distributed 

throughout the co-polymer. 
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Figure D. 3. Frequency-dependent dielectric loss spectra, 𝜀′′, for the hydrated HEMA:GMA:GMAOH co-polymers. 

The spectra are labeled with the composition of the HEMA content of the pre-polymerization solution used to 

prepare the co-polymer. All measurements were made at 22 ± 1 ºC, and the uncertainty was taken as one standard 

deviation from the mean of three measurements. 

 

 

To further analyze the water-polymer interactions in hydrated HEMA:GMA:GMAOH, we 

fit the dielectric loss data to a model containing three Debye relaxation processes that we attributed 

to three different water relaxation modes: highly restricted (HR) motion, less restricted (LR) 

motion, and non-restricted (NR) (i.e., bulk water) motion.[31-33] This approach is consistent with 

reports[26, 31, 34] suggesting that multiple Debye relaxation processes can be observed in 

hydrated polymers and that the necessary number of Debye relaxation processes depends on the 
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polymer water content.[26, 34]  The dielectric loss can be expressed as a summation over all 

relaxation processes, i, as: 

𝜀′′ = ∑
∆𝜀𝑖𝜔𝜏𝑖

1 + (𝜔𝜏𝑖)2

𝑖

 (S1) 

We used a three relaxation model, so i represented the different relaxation modes (i.e., HR, 

LR, and NR). The dielectric strength, ∆𝜀𝑖, is a measure of relative amount of water that contributes 

to a particular relaxation mode.[26] The frequency of the microwave radiation used in the 

measurement, f, was expressed as the angular frequency, 𝜔  = 2𝜋𝑓 , and the relaxation time 

constant of a particular relaxation mode, 𝜏𝑖, is related to the frequency where maximum dielectric 

loss occurs, 𝑓𝑚𝑎𝑥, as  𝜏𝑖 = 1/2𝜋𝑓𝑚𝑎𝑥 . 

In the three Debye relaxation model, six parameters (∆𝜀𝑖 and 𝜏𝑖 for 𝑖 = HR, LR, and NR) 

are needed to describe the dielectric loss spectra (Figure D.3). Because the non-restricted 

relaxation mode was taken as that of bulk water, the value of 𝜏𝑁𝑅 was fixed at a measured value 

of 8.8 ps.[17] The remaining five parameters (Table D.2) were regressed, for each of the co-

polymers, using Equation S1 and a generalized reduced gradient, GRG, nonlinear method in 

Microsoft Excel. Regressions were performed separately on three spectra for each co-polymer, and 

the regressed parameters were averaged. The uncertainty in the regressed parameters was taken as 

one standard deviation from the average value. 
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Table D. 2. Relaxation time constants and dielectric strengths determined by fitting the dielectric loss spectra 

(Figure D.3) to a three Debye relaxation process model (Equation S1). The uncertainty was taken as one standard 

deviation from the mean of three parameters regressed from three distinct dielectric loss spectra. 

 

Co-Polymer 

Sample 
𝝉𝑯𝑹 (ps) ∆𝛆𝑯𝑹 𝝉𝑳𝑹 (ps) ∆𝛆𝑳𝑹 𝝉𝑵𝑹

a (ps) ∆𝛆𝑵𝑹 

0:60:40 401 ± 78 3.3 ± 0.2 46 ± 2 4.6 ± 0.1 8.8 3.5 ± 0.1 

15:55:30 433 ± 8 3.5 ± 0.1 46 ± 1 4.4 ± 0.2 8.8 3.1 ± 0.2 

30:50:20 485 ± 80 3.1 ± 0.1 51 ± 4 4.5 ± 0.2 8.8 2.5 ± 0.1 

45:45:10 379 ± 29 2.0 ± 0.1 42 ± 2 3.2 ± 0.2 8.8 2.3 ± 0.1 

60:40:0 377 ± 13 2.2 ± 0.1 43 ± 2 3.5 ± 0.1 8.8 1.7 ± 0.1 
aThe time constant for the non-restricted (i.e. bulk water) relaxation mode was fixed at a measured value of 8.8 ps.[17] 

 

 

The results of the regression (Table D.2) suggest that the relaxation time constants for the 

three relaxation modes span two orders of magnitude. Additionally, the dielectric strength (and, 

thus, relative amount of water) associated with all three relaxation modes decreases as the HEMA 

content of the pre-polymerization solution used to prepare the materials increases. These results 

suggest that polymer chemistry influences the distribution of sorbed water across the different 

relaxation modes in water content equivalent materials. Preparing polymers with distributed 

hydrophilic groups (e.g., higher HEMA content in this study) may promote stronger water-polymer 

interactions. 

D.4.  Hydration of Hydroxyl Groups in HEMA and GMAOH 

 As discussed in the main text and Section S3, the microwave dielectric spectroscopy data 

suggest that water may hydrate the hydroxyl group on the HEMA side chain to a greater extent 

compared to the hydroxyl groups on the GMAOH side chain. In addition to the steric explanation 

discussed in the main text, an enthalpy of mixing analysis can be considered. In lieu of enthalpy 

of mixing data for the water:HEMA and water:GMAOH systems, enthalpy of mixing data were 
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considered for the water:ethanol[35] and water:1,2-propanediol[36] systems, as the side chains of 

the HEMA and GMAOH co-monomers contain ethanol and 1,2-propanediol moieties, respectively. 

 
 

Figure D. 4. Enthalpy of mixing data as a function of mole fraction of water for mixtures of water and either 

ethanol[35] or 1,2-propanediol[36] at 25oC. Ethanol and 1,2-propanediol were chosen because of their similarity to 

the side chain moieties on the HEMA and GMAOH co-monomers. The enthalpy of mixing data were normalized by 

the equivalents of –OH moieties in the organic molecule (i.e., 1 eq(–OH) for ethanol and 2 eq(–OH) for 1,2-

propanediol). 

 

 

 The enthalpy of mixing data in Figure D.4 are normalized by the equivalents of –OH 

moieties in the organic molecule (i.e., 1 eq(–OH) for ethanol and 2 eq(–OH) for 1,2-propanediol). 

On this per eq(–OH) basis, the enthalpy of mixing data for water and ethanol are more negative 

(i.e., more thermodynamically favored) compared to the situation for water and 1,2-propanediol 

over the entire range of composition. Thus, the enthalpy of mixing data for representative small 

molecules and water further support the microwave dielectric data by suggesting that water may 
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interact more strongly with the hydroxyl group on the HEMA side chain compared to the hydroxyl 

groups on the GMAOH side chain. 
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Appendix E: Supporting information for Chapter 6 

E.1. Descriptions of the Chemical Processes 

Synthesis of zirconium tetrachloride (ZrCl4) from zircon (ZrSiO4) 

The zirconium precursor for the solvothermal synthesis of UiO-66-NH2, zirconium tetrachloride 

(ZrCl4), is obtained from chlorination reaction of zircon (ZrSiO4) at high temperature.[1] In a 

typical reaction, 30 kg of ZrSiO4, 4 kg of char (C) and 75 kg of chlorine (Cl2) are fed to a reactor 

at 1200 ℃, and the chlorination reaction occurs in the following manner: 

𝑍𝑟𝑆𝑖𝑂4 + 2𝐶 + 4𝐶𝑙2 → 𝑍𝑟𝐶𝑙4 + 𝑆𝑖𝐶𝑙4 + 2𝐶𝑂2 

At the reaction temperature, both the target product, ZrCl4, and the byproduct, silicone 

tetrachloride (SiCl4), are in the vapor phase, so therefore further separation is necessary. The post-

reaction vapor mixture is cooled down to 200 to 300 ℃ to allow for the desublimation of ZrCl4. 

Finally, ZrCl4 is collected as a white powder, and its purity is enough for the synthesis of UiO-66-

NH2. The typical yield of ZrCl4 was reported to be ~90%. It should be note that the vapor mixture 

after ZrCl4 separation still contains SiCl4, which could be condensed at even lower temperature. 

However, in this work, we decided not to include the production of SiCl4 when we estimate the 

life cycle impact data of ZrCl4 since SiCl4 is usually produced from other processes. If the 

production of SiCl4 were to be considered in the process above, then the environmental burdens 

associated with ZrCl4 production will be lower. 

Synthesis of zirconyl chloride octahydrate (ZrOCl2·8H2O) from ZrCl4 

The zirconium precursor for the aqueous solution-based synthesis of UiO-66-NH2, zirconyl 

chloride octahydrate (ZrOCl2·8H2O), is obtained from the direct hydrolysis reaction of ZrCl4.[2] 

(E.1) 
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In a typical reaction, 0.95 kg of ZrCl4, 2.4 kg of DI water and 0.75 kg 20% hydrochloric acid (HCl) 

solution are fed to a reactor at 50 ℃, and the hydrolysis reaction occurs in the following manner: 

𝑍𝑟𝐶𝑙4 + 𝐻2𝑂 → 𝑍𝑟𝑂𝐶𝑙2 + 2𝐻𝐶 

The post reaction solution is further concentrated at 90 ℃ under vacuum, such that the equivalent 

concentration of ZrO2 in the solution reaches 190±10 g/L. The concentrated solution is sent to a 

crystallizer to allow for the crystallization of ZrOCl2·8H2O, and the primary mother liquor is 

concentrated again for secondary crystallization. The typical yield of ZrOCl2·8H2O was reported 

to be ~90%. It should be noted that ZrOCl2·8H2O could also be produced from other processes, 

but the process described above was reported to be more cost-effective and energy-saving.[2-4] 

Synthesis of 2-amino terephthalic acid from terephthalic acid 

The 2-amino terephthalic acid (2-ATA) could be synthesized from terephthalic acid (TPA) via nitration and 

hydrogenation, and the typical synthesis conditions from literature are summarized below.[5, 6] 

Nitration of TPA: In a cooling water bath, 2 g of TPA was slowly added to 10 g of 98% sulfuric acid (H2SO4) 

under continuous stirring. The resulting viscous mixture was stirred for 10 min, and then 3 g of 68% nitric 

acid (HNO3) was added dropwisely. When the HNO3 addition was done, the cooling water bath was 

removed, and the mixture was heated to 353 K and stirred at this temperature for 10 hours. Upon the 

completion of the nitration reaction, the mixture was cooled down to room temperature, and the product, 2-

nitro terephthalic acid (2-NTA), was separated from the mixture by vacuum filtration. The crude 2-NTA, 

collected as the filter cake, still contained acids and needed to be further purified. Hence, cold de-ionized 

water (DI water) was filtered through the filter cake, and the washing process was repeated until the filtrate 

pH reached 6. The use of cold DI water in the washing step could minimize the dissolution of 2-NTA. 

Finally, the purified 2-NTA was dried at room temperature under vacuum. The typical yield for this nitration 

reaction is 72%±10%. 

(E.2) 
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Hydrogenation of 2-NTA: In a stainless steel hydrogenator, 4.223 g of 2-NTA, 1.6 g of sodium hydroxide 

and 0.5 g 5% palladium-on-carbon (Pd/C) catalyst was added to 100 mL DI water. This step would produce 

a suspension of Pd/C catalyst in disodium 2-NTA (2-NTA-Na2) solution. The hydrogenator was first 

flushed with nitrogen to remove oxygen and then flushed with hydrogen to replace nitrogen. The 

hydrogenation reaction was then allowed to proceed at 50 psi and at room temperature for a designated time 

(e.g., 12 h). Upon the completion of the hydrogenation reaction, the solution was filtered to recover the 

Pd/C catalyst, and he filtrate, disodium 2-ATA (2-ATA-Na2) solution, was acidified with 4 g of 36.5% 

hydrochloric acid (HCl). The acidification process would protonate 2-ATA-Na2 into 2-ATA, which is 

insoluble in water and would crush out from the solution as a yellow powder. The crude 2-ATA was 

separated from the slurry by vacuum filtration, and was washed with DI water in the same manner as 2-

NTA. Finally, the purified 2-ATA was dried at room temperature under vacuum. The typical yield for the 

hydrogenation reaction is 60%±10%. 

Synthesis of UiO-66-NH2 

The UiO-66-NH2 could be synthesized from a zirconium source (e.g., zirconium chloride (ZrCl4) and 

zirconyl chloride octahydrate (ZrOCl2·8H2O)) and the 2-ATA using both the solvothermal synthesis and 

the aqueous solution-based synthesis, and the typical synthesis conditions are summarized below.[7, 8] 

Conventional solvothermal synthesis: Solvothermal approach is the most commonly used method for UiO-

66-NH2 synthesis. In a typical experiment, 0.125 g of ZrCl4 and 0.134 g of 2-ATA were first dissolved in 

15 mL N,N-dimethylformamide (DMF), and this DMF solution was further acidified by adding 1 mL 36.5% 

HCl. The precursor solution was transferred into a 30 mL Teflon lined stainless steel autoclave, and the 

autoclave was kept in a convection oven at 393 K for 24 hours, during which the UiO-66-NH2 nanocrystals 

were formed by nucleation and growth. Upon the completion of the solvothermal synthesis, the autoclave 

was cooled down to room temperature and disassembled, and the UiO-66-NH2 nanocrystals were separated 

from the post-reaction mixture, washed with 15 mL of an appropriate solvent (e.g., methanol or water) for 



256 

 

three times and dried at the normal boiling temperature for the washing solvent (e.g., 338 K for methanol) 

for 24 hours. 

Aqueous solution-based synthesis of UiO-66-NH2: In this synthesis method, the zirconium-oxo-cluster 

solution and the 2-ATA-Na2 solution were prepared separately. To prepare the zirconium-oxo-cluster 

solution, 1.288 g of ZrOCl2·8H2O, 5 mL acetic acid (AcOH) and 12 mL DI water were first mixed in a 50 

mL round bottom flask to form a transparent solution. This solution was heated in an oil bath at 343 K for 

2 hours under continuous stirring. After the solution cooled down to room temperature, 1.325 g of sodium 

carbonate (Na2CO3) was slowly added to the solution, to partially neutralize the acid. To prepare the linker 

solution, 0.724 g 2-ATA and 0.32 g sodium hydroxide (NaOH) were dissolved in 20 mL DI water. The 

zirconium-oxo-cluster solution and the 2-ATA-Na2 solution were simultaneously poured into a 100 mL 

glass beaker, and the resulting yellow slurry was further stirred vigorously for 5 min, during which the UiO-

66-NH2 nanocrystals were formed. Upon the completion of the reaction, the UiO-66-NH2 crystals were 

separated from the post-reaction mixture, washed with 20 mL 0.1% NaOH solution for three times and 20 

mL DI water for 3 times, and dried at 373 K for 24 hours. 

E.2. Assumptions in the process scaling-up 

Producing UiO-66-NH2 at the lab scale could be very different than producing UiO-66-NH2 at the pilot 

scale, even though the batch-to-batch production feature is preserved. For example, the solvent or the 

reaction medium might be recycled or reused in a pilot-scale plant to minimize the environmental impacts 

and maximize the economic impacts of the production process, whereas the solvent or reaction medium is 

often considered for single-use in a lab. Hence, we made several assumptions in the process scaling-up to 

capture/mimic the features of the hypothetical pilot scale production of UiO-66-NH2. These assumptions 

are likely to be incomprehensive since no information on the large-scale production of UiO-66-NH2 (e.g., 

a plant that produces ~10 t of UiO-66-NH2 per year) is available, yet we hope our assumptions could help 

with further process design/development/refinement by other researchers. 
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Assumptions for the nitration reaction: In the nitration reaction, HNO3 reacts with PTA to form 2-NTA and 

water, and water is absorbed by concentrated H2SO4 to maintain a forward reaction (i.e., forming 2-NTA). 

If we assume the conversion of the limiting reactant, TPA, is 100% and the loss of both HNO3 and H2SO4 

during filtration is negligible (e.g., < 5%), then the net change to the nitration medium (i.e., HNO3 and 

H2SO4) is the net consumption of HNO3 and the net introduction of water. If the concentration of the 

concentrated H2SO4 does not drop significantly, this concentrated H2SO4 could be reused as water trap for 

another nitration reaction. Li et al. used an 82% H2SO4 for the nitration reaction, so therefore we assume 

that 82% is the minimum required concentration for the concentrated H2SO4 at the beginning of the nitration 

reaction.[5] Meanwhile, the consumed HNO3 is replenished at the beginning of the next nitration reaction. 

Based on these assumptions and the nitration reaction description, we did the following calculations to 

determine the maximum reuse number of the nitration medium as well as the required mass of HNO3 for 

each replenishment: 

𝑁𝑒𝑡 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑟𝑦 𝐻𝑁𝑂3 𝑖𝑛 𝑜𝑛𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑚𝑇𝑃𝐴

𝑀𝑊𝑇𝑃𝐴

× 𝑀𝑊𝐻𝑁𝑂3
= (

2

166.13
× 63.01)  𝑔

= 0.759 𝑔 

𝑁𝑒𝑡 𝑟𝑒𝑝𝑙𝑒𝑛𝑖𝑠ℎ𝑚𝑒𝑛𝑡 𝑜𝑓 68% 𝐻𝑁𝑂3 𝑓𝑜𝑟 𝑜𝑛𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑚𝐻𝑁𝑂3,𝑑𝑟𝑦

0.68
= (

0.759

0.68
)  𝑔 = 1.116 𝑔 

𝑁𝑒𝑡 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑜𝑛𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑚𝑇𝑃𝐴

𝑀𝑊𝑇𝑃𝐴

× 𝑀𝑊𝐻2𝑂 + 𝑚𝐻𝑁𝑂3,68% × 𝜔𝐻2𝑂

= (
2

166.13
× 18.02

+ 3 × 0.32(first reaction) 𝑜𝑟 1.116 × 0.32(from the 2nd reaction))  𝑔

= 1.177 𝑔 (first reaction) 𝑜𝑟  0.574 𝑔 (from the 2nd reaction) 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐻2𝑆𝑂4 𝑎𝑓𝑡𝑒𝑟 𝑛𝑡ℎ 𝑟𝑒𝑢𝑠𝑒 =  
𝑚𝐻2𝑆𝑂4,𝑑𝑟𝑦

𝑚𝐻2𝑆𝑂4,𝑑𝑟𝑦 + 𝑚𝐻2𝑂

=
10 × 0.98

10 × 0.98 + 10 × 0.02 + 1.177 + 𝑛 × 0.574
× 100%

= 87.7% (𝑛 = 0) 𝑜𝑟 83.4% (𝑛 = 1)𝑜𝑟 79.5% (𝑛 = 2) 

(E.3) 

(E.4) 

(E.5) 

(E.6) 
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The calculations above suggest the concentration of H2SO4 is above 82% after the first reuse and below 82% 

after the second reuse. Therefore, the maximum reuse number of the nitration medium is 2. Now, we can 

integrate the nitration medium reuse into the description of the single loop nitration reaction and calculate 

the materials input for 3 nitration reactions: 

𝑁𝑒𝑡 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝑃𝐴 𝑖𝑛 𝑡ℎ𝑟𝑒𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠 = 2 𝑔 × 3 = 6 𝑔 

𝑁𝑒𝑡 𝑢𝑠𝑒 𝑜𝑓 98% 𝐻2𝑆𝑂4 𝑖𝑛 𝑡ℎ𝑟𝑒𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠 = 10 𝑔 

𝑁𝑒𝑡 𝑢𝑠𝑒 𝑜𝑓 68% 𝐻𝑁𝑂3 𝑖𝑛 𝑡ℎ𝑟𝑒𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠 = 3 + 1.116 × 2 = 5.232 𝑔 

By reusing the nitration medium, the net use of H2SO4 and HNO3 dropped by 66.7%, and 41.9%, 

respectively. The drop in the net acid use makes the process more favorable both from the environmental 

impact aspect and the economic impact aspect. First, the less the acid is used, the lower the environmental 

burdens (e.g., terrestrial acidification)[9] the process creates. Nevertheless, when less acid is used, the cost 

associated with purchasing and treating acid is also reduced. The same criteria will be adapted in the 

following sections when we consider the necessity of recycling other chemicals. 

Assumptions for the hydrogenation reaction: In the hydrogenation reaction, the nitro group in the 2-NTA 

is reduced to the amino group by hydrogen in the presence of the Pd/C catalyst.[6] The supply of hydrogen 

to the reaction system could be achieved in several manners. For example, hydrogen could be continuously 

bubbled through the solution at a constant flowrate and pressure, or it could be added in small portions to 

maintain the desired pressure (e.g., 50 psi) of the reaction system.[10] The latter manner usually requires 

the minimum consumption of hydrogen, i.e., the hydrogen consumed by the reaction and the hydrogen 

required to pressurize the hydrogenator to the desired pressure, so therefore we will assume the supply of 

hydrogen to the reaction system is achieved in this manner. If we assume the fill rate of the hydrogenator 

is 50%, i.e., a 200 mL hydrogenator is used for the reaction described previously, then the net use of 

hydrogen in one hydrogenation reaction is: 

(E.7) 

(E.8

) 

(E.9) 
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𝑁𝑒𝑡 𝑢𝑠𝑒 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑖𝑛 1 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑚2−𝑁𝑇𝐴

𝑀𝑊2−𝑁𝑇𝐴
× 𝑀𝑊𝐻2

× 2 + 𝜌𝐻2
𝑉𝐻2

=
4.223

211.13
× 2 × 2 + 0.285 × 0.1 = 0.109 𝑔 

Also, unlike the nitration reaction, where the reaction medium is an acid mixture, the hydrogenation 

reaction is carried out in water, and the final solution (i.e., after acidification and 2-ATA separation) is a 

NaCl solution, which does not create huge environmental burdens or significant economic interests. 

Therefore, reuse of the hydrogenation medium is unnecessary. However, in the hydrogenation reaction, the 

Pd/C catalyst is rather expensive, so the recovery (and perhaps the reactivation) of the catalyst is necessary. 

Here, we assume the Pd/C recovery rate is 95% after each hydrogenation reaction and the average lifetime 

of Pd/C is 20 reactions. The net use of the Pd/C catalyst over 10 hydrogenation reactions is: 

𝑁𝑒𝑡 𝑢𝑠𝑒 𝑜𝑓 𝑃𝑑/𝐶 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑖𝑛 20 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠 = 0.5 + 0.5 × 0.05 × 20 = 1  𝑔 

Assumptions for the conventional solvothermal synthesis: In the conventional solvothermal synthesis of 

UiO-66-NH2, the UiO-66-NH2 is obtained from the reaction between ZrCl4 and 2-ATA in DMF, and is 

further washed methanol.[7] In this synthesis process, both DMF and methanol are presented in large excess, 

have significant economic interests (i.e., both solvents are much more expensive than water) and could 

create huge environmental burdens. Therefore, the recycle of both DMF and methanol from the synthesis 

process is necessary, and we assume the recycle rate for both of them is 90%, which is a value commonly 

used in industry and other LCA works.[11] However, DMF and methanol have very different normal 

boiling points, i.e., 426 K for DMF vs. 337 K for methanol, so different recycle processes will be adapted. 

More specifically, the methanol is recycled by ambient pressure distillation (e.g., 1 bar, 337 K), while DMF 

is recycled by vacuum distillation (e.g., 0.15 bar, 373 K). By integrating the solvent recycle into the 

conventional solvothermal synthesis, the net use of solvent for one synthesis is: 

𝑁𝑒𝑡 𝑢𝑠𝑒 𝑜𝑓 𝐷𝑀𝐹 𝑖𝑛 1 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 15 𝑚𝐿 × 0.1 × 0.944 𝑔/𝑚𝐿 = 1.416  𝑔 

(E.10) 

(E.11) 

(E.12) 
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𝑁𝑒𝑡 𝑢𝑠𝑒 𝑜𝑓 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑖𝑛 1 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 15 𝑚𝐿 × 0.1 × 3 × 0.792 𝑔/𝑚𝐿 = 3.564  𝑔 

Assumptions on the UiO-66-NH2 yield: Traditionally, researchers assume the percentage yield of MOFs is 

identical to the percentage conversion of the limiting reactant, regardless of the percentage crystallinity of 

the obtained MOFs.[8] Such an assumption might work well if the percentage crystallinity of the MOFs is 

close to 100%, or the percentage crystallinity has no impact on the performance of the MOFs in certain 

applications. Alternatively, the percentage yield could be taken as the product of the percentage conversion 

of the limiting reactant and the percentage crystallinity of the MOFs.[8] This alternative definition is more 

conservative as it assumes the crystalline MOFs are the desired product. These two definitions lead to 

different choices of the functional unit (FU). If the first definition is used, i.e., the percentage yield is simply 

the conversion of the limiting reactant, then we set the FU to be 1 kg of UiO-66-NH2. If the alternative 

definition is used, i.e., the crystallinity of the UiO-66-NH2 is considered, then we set the FU to be 1 kg of 

crystalline UiO-66-NH2. 

In this work, both FUs will be used in the process scaling up, and we will consider three different cases 

(e.g., case 1, 2 and 3). First, in case 1, we will scale up process the using assumption that both the limiting 

reactant-to-product conversion and the product percentage crystallinity is 100%, i.e., the overall yield is 

100%. Next, in case 2, we will scale up the process by setting the FU to be 1 kg of UiO-66-NH2, i.e., the 

limiting reactant-to-product conversion will be considered. Finally, in case 3, we will scale up the process 

using by setting the FU to be 1 kg of crystalline UiO-66-NH2, i.e., both the limiting reactant-to-product 

conversion and the product percentage crystallinity will be considered. By comparing the three cases, it is 

not difficult to find that case 1 and case 3 are the global limiting cases as they represent the 

minimum/maximum environmental burdens and costs of the process. 

Assumptions for the process heating/drying: In the production of UiO-66-NH2, heat is required to bring a 

mixture to its desired reaction temperature or evaporate the solvent from an intermediate/the final product. 

In lab-scale synthesis, such heat is usually supplied by an oil bath or a convection oven, so 

(E.13) 
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consequently a large excess amount of heat is wasted. Therefore, in the process scaling up, we assume the 

heat is supplied by natural gas combustion, and the heat loss factor is 25%.[12, 13] Additionally, we assume 

that, for all solutions/reaction mixtures, the amount of heat required is calculated based on the mass of the 

solvent and the heat capacity of the solvent. In other words, the contribution of the dissolved solids to the 

total heat is neglected. Furthermore, unless otherwise specified, we assume the residual solvent content in 

a wet product is 50% (by mass), and the residual solvent is brought up to its normal boiling point (e.g., 338 

K for methanol and 373 K for water) for evaporation. The heat required for solvent distillation is calculated 

in the same manner as the heat required for drying. The following equations are used to calculate the heat 

associated with heating and drying: 

𝐻ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = (𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡 × 𝐶𝑝,𝑠𝑜𝑙𝑣𝑒𝑛𝑡 × (𝑇 − 25)°𝐶))/0.75 

𝐻𝑑𝑟𝑦𝑖𝑛𝑔 = [(𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡 × 𝐶𝑝,𝑠𝑜𝑙𝑣𝑒𝑛𝑡 × (𝑇𝑏 − 25)°𝐶) + 𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡 × ∆Hvap(𝑇𝑏)]/0.75 

The following tables summarize the materials and heat input for the production of UiO-66-NH2 before and 

after scaling up. As mentioned in the main text, the FU is 1 kg of UiO-66-NH2 so we set the mass of the 

UiO-66-NH2 to 1 kg after scaling up. The values in Table E.1 are directly summarized from the previous 

process descriptions. The values in Table E.2 are obtained by modifying the values in Table E.1 with the 

pilot plant scaling assumptions, so therefore the values in Table E.2 are used as the basis for direct scaling 

up. The values in Table E.3 through Table E.8 are the final scaled-up values. 

E.3. Mass and Energy Inputs for Life-cycle Analysis 

Table E. 1. Summary of the materials and energy input for the production of UiO-66-NH2 before scaling up. For 

solutions, solvents and other liquid form chemicals that have a usage reported in volume, their mass is calculated as 

the product of the volume (V), the density (𝜌) and the mass fraction (𝜔), i.e., 𝑚 =  𝑉𝜌𝜔. The typical density values 

(g/mL) for the solutions, solvents and other liquid form chemicals used in this work are 1.19 for 36% HCl solution, 

0.944 for DMF, 0.792 for MeOH, 1 for H2O, 1.05 for AcOH, respectively.[14] 

 
Input 

Chemical 

Name 

Mass (g) 

Output 

Product 

Name 

Mass (g) 

e f g 

Heat 

(kJ) h i 

Nitration of TPA 

TPA 2.000 

2-NTA 1.830 7.727 H2SO4
 a 9.800 

HNO3 
a 2.040 

(E.15) 

(E.14) 
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Water 1.160 

Hydrogenation of 2-NTA 

2-NTA 4.223 

2-ATA 2.173 7.075 

NaOH 1.600 

H2 0.109 

Pd/C 0.500 

HCl a 1.460 

Water 102.540 

Conventional 

solvothermal synthesis 

ZrCl4 
b 0.125 

UiO-66-

NH2 
0.153 

4.424-

4.703 

2-ATA 0.134 

HCl a 0.4284 

Water d 0.7616/45.7616 

DMF 14.160 

MeOH 35.640/0 

Aqueous  

solution-based synthesis 

ZrOCl2·8H2O 
c 1.288 

UiO-66-

NH2 
1.141 7.608 

2-ATA c 0.724 

AcOH 5.25 

NaOH 0.38 

Na2CO3 1.325 

Water d 152.000 
a Dry-base mass. 

b ZrCl4 is the limiting reactant in the solvothermal synthesis. 

c Either ZrOCl2·8H2O or 2-ATA could be considered as the limiting reactant because they were fed in stoimetric ratio. 

d The amount of water presented may contain water used for washing. In the conventional solvothermal synthesis, either MeOH 

or water is used as the washing solvent.  

e The mass of 2-NTA and 2-ATA is calculated using the average yield. 

f The limiting reactant-to-product yield is assumed to be 100% for UiO-66-NH2. 

g The formula for UiO-66-NH2 is Zr24O120C192H96N24, which has a formula weight of 6848.10 g/mol.[15] 

h The heat in the third entree is reported as a range due to the use of different washing solvent. 

i The heat capacity values (J/g℃) used for the calculations are 1.41 for pure H2SO4,[16] 1.746 for pure HNO3,[17] 4.184 for 

water,[18] 2.21 for DMF-water mixture (DMF wt% =95%),[19] 2.53 for methanol,[20] and 3.62 for AcOH-water mixture (water 

wt% = 69.5%),[21] respectively. The latent heat of vaporization (kJ/g) used for the calculation is 2.26 for water at 373 K,[22] 

2.44 for water at 298 K,[22] and 1.11 for methanol at 338 K.[23]  

 

Table E. 2. Summary of the modified materials and energy input for the production of UiO-66-NH2 before scaling 

up. The pilot plant scaling assumptions are adapted in this table. 

 
Input 

Chemical 

Name 

Mass (g) 

Output 

Product 

Name 

Mass (g)  Heat 

(kJ)  

Nitration of TPA a 

TPA 6.000 

2-NTA 5.490 22.923 H2SO4
  9.800 

HNO3  3.558 
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Water 2.525 

Hydrogenation of 2-NTA b 

2-NTA 84.460 

2-ATA 43.460 141.488 

NaOH 32.000 

H2 2.180 

Pd/C 1.000 

HCl  29.200 

Water 2050.800 

Conventional 

solvothermal synthesis c 

ZrCl4  0.125 

UiO-66-

NH2 
0.153 

17.212-

68.735 d 

2-ATA 0.134 

HCl  0.4284 

Water  0.7616/45.7616 

DMF 1.146 

MeOH 3.564/0 

Aqueous  

solution-based synthesis 

ZrOCl2·8H2O  1.288 

UiO-66-

NH2 
1.141 7.608 

2-ATA  0.724 

AcOH 5.250 

NaOH 0.380 

Na2CO3 1.325 

Water  152.000 
a Values are based on 3 reactions (i.e., lifetime of the nitration medium) 

b Values are based on 20 reactions (i.e., lifetime of the Pd/C catalyst) 

c Both DMF and methanol have a recovery rate of 90% 

d The heat capacity values (J/g℃) used for the calculations are 2.06 for pure DMF,[19] and 2.53 for methanol,[20] respectively. 

The latent heat of vaporization (kJ/g) used for the calculation is 2.26 for water at 373 K,[22] 0.581 for DMF at 373 K,[24] and 

1.11 for methanol at 338 K.[23] 

 

 

 
 
 

Table E. 3. Summary of the materials and energy input for the conventional solvothermal production of UiO-66-

NH2 after scaling up. The limiting reactant-to-product yield is assumed to be 100%. (case 1) 

 
Input 

Chemical 

Name 

Mass (kg) 

Output 

Product 

Name 

Mass 

(kg)  

Heat 

(MJ)  

Nitration of TPA  

TPA 1.860 

2-NTA 1.702 7.107 
H2SO4

  3.038 

HNO3  1.103 

Water 0.783 

Hydrogenation of 2-NTA  

2-NTA 1.702 

2-ATA 0.876 2.851 
NaOH 0.645 

H2 0.044 

Pd/C 0.020 
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HCl  0.588 

Water 41.328 

Conventional 

solvothermal synthesis 

ZrCl4  0.817 

UiO-66-

NH2 
1.000 

112.497-

448.979  

2-ATA 0.876 

HCl  2.800 

Water  4.978/299.095 

DMF 9.255 

MeOH 23.294/0 

 

 

Table E. 4. Summary of the materials and energy input for the aqueous-solution based production of UiO-66-NH2 

after scaling up. The limiting reactant-to-product yield is assumed to be 100%. (case 1) 

 
Input 

Chemical 

Name 

Mass (kg) 

Output 

Product 

Name 

Mass 

(kg)  

Heat 

(MJ)  

Nitration of TPA  

TPA 1.348 

2-NTA 1.233 5.149 
H2SO4

  2.201 

HNO3  0.799 

Water 0.567 

Hydrogenation of 2-NTA  

2-NTA 1.233 

2-ATA 0.635 2.065 

NaOH 0.467 

H2 0.032 

Pd/C 0.015 

HCl  0.426 

Water 29.942 

Aqueous solution-based 

synthesis 

ZrOCl2·8H2O  1.128 

UiO-66-

NH2 
1.000 6.668 

2-ATA  0.635 

AcOH 4.601 

NaOH 0.333 

Na2CO3 1.161 

Water  133.216 

 

 

Table E. 5. Summary of the materials and energy input for the conventional solvothermal production of UiO-66-

NH2 after scaling up. The limiting reactant-to-product yield is assumed to be 38% (experimentally determined from 

our previous work).[8] (case 2) 

 
Input 

Chemical 

Name 

Mass (kg) 

Output 

Product 

Name 

Mass 

(kg)  

Heat 

(MJ)  

Nitration of TPA  
TPA 4.895 

2-NTA 4.479 18.702 H2SO4
  7.995 

HNO3  2.092 
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Water 2.060 

Hydrogenation of 2-NTA  

2-NTA 4.479 

2-ATA 2.305 7.503 

NaOH 1.697 

H2 0.116 

Pd/C 0.053 

HCl  1.549 

Water 108.758 

Conventional 

solvothermal synthesis 

ZrCl4  2.150 

UiO-66-

NH2 
1.000 

296.044-

1182.227  

2-ATA 2.305 

HCl  7.368 

Water  13.099/787.093 

DMF 24.355 

MeOH 61.300/0 

 

 

Table E. 6. Summary of the materials and energy input for the aqueous-solution based production of UiO-66-NH2 

after scaling up. The limiting reactant-to-product yield is assumed to be 96% (experimentally determined from our 

previous work).[8] (case 2) 

 
Input 

Chemical 

Name 

Mass (kg) 

Output 

Product 

Name 

Mass 

(kg)  

Heat 

(MJ)  

Nitration of TPA  

TPA 1.404 

2-NTA 1.285 5.363 
H2SO4

  2.293 

HNO3  0.832 

Water 0.591 

Hydrogenation of 2-NTA  

2-NTA 1.285 

2-ATA 0.661 2.152 

NaOH 0.487 

H2 0.033 

Pd/C 0.015 

HCl  0.444 

Water 31.190 

Aqueous solution-based 

synthesis 

ZrOCl2·8H2O  1.176 

UiO-66-

NH2 
1.000 6.946 

2-ATA  0.661 

AcOH 4.793 

NaOH 0.347 

Na2CO3 1.210 

Water  138.767 

 

 

Table E. 7. Summary of the materials and energy input for the conventional solvothermal production of UiO-66-

NH2 after scaling up. The limiting reactant-to-product yield is 18% (experimentally determined from our previous 

work, 38% conversion and 47% crystallinity).[8] (case 3) 
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Input 

Chemical 

Name 

Mass (kg) 

Output 

Product 

Name 

Mass 

(kg)  

Heat 

(MJ)  

Nitration of TPA  

TPA 10.334 

2-NTA 9.456 39.481 
H2SO4

  16.879 

HNO3  6.128 

Water 4.349 

Hydrogenation of 2-NTA  

2-NTA 9.456 

2-ATA 4.866 15.840 

NaOH 3.583 

H2 0.244 

Pd/C 0.112 

HCl  3.269 

Water 229.601 

Conventional 

solvothermal synthesis 

ZrCl4  4.539 

UiO-66-

NH2 
1.000 

624.981-

2495.812 

2-ATA 4.866 

HCl  15.556 

Water  27.654/1661.641 

DMF 51.416 

MeOH 129.412/0 

 

 

Table E. 8. Summary of the materials and energy input for the aqueous-solution based production of UiO-

66-NH2 after scaling up. The limiting reactant-to-product yield is 36% (experimentally determined from 

our previous work, 96% conversion and 38% crystallinity).[8] (case 3) 

 
Input 

Chemical 

Name 

Mass (kg) 

Output 

Product 

Name 

Mass 

(kg)  

Heat 

(MJ)  

Nitration of TPA  

TPA 3.744 

2-NTA 3.425 14.303 
H2SO4

  6.115 

HNO3  2.220 

Water 1.575 

Hydrogenation of 2-NTA  

2-NTA 3.425 

2-ATA 1.763 5.739 

NaOH 1.289 

H2 0.088 

Pd/C 0.041 

HCl  1.184 

Water 83.173 

Aqueous solution-based 

synthesis 

ZrOCl2·8H2O  3.136 

UiO-66-

NH2 
1.000 18.521 

2-ATA  1.763 

AcOH 12.781 

NaOH 0.925 

Na2CO3 3.226 
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Water  370.046 

 

E.4. Assumptions in the techno-economic analysis (TEA) 

In the previous sections, we discussed how the UiO-66-NH2 production process at the pilot scale is 

different from that at the lab scale, and several assumptions were made in the process scaling up. 

Similarly, the economic aspects of pilot-scale production are also different from those of lab-scale 

production. For example, the chemicals are usually purchased in bulk in pilot-scale production whereas 

they are often purchased in small quantities in lab-scale production. Additionally, equipment with large 

capacity is used in pilot-scale production. Both purchasing the chemicals in bulk and using larger 

equipment lead to lower production costs and make the product UiO-66-NH2 more economically 

attractive. Therefore, we made several assumptions on the purchase of the chemicals and the selection of 

the equipment. Again, these assumptions only represent the best of our knowledge, and their validity may 

vary depending on the location of the hypothetical pilot-scale plant (i.e., the pricing data in China might 

be significantly different from those in the United States). 

Assumptions for the chemical purchases: Among the chemicals required for the production of UiO-66-

NH2, 2-ATA is the only one that we decided to produce on-site, so therefore all other chemicals would be 

purchased from the commercial vendors in bulk. In the bulk purchases, the price of H2 and Pd/C is 

determined on the kilogram base due to its availability, while the price of all other chemicals is 

determined on the metric-ton base. Furthermore, the real price of Pd/C is different from the listed price, 

because Pd/C will be purchased back and regenerated by the vendors at the end of its lifetime. Therefore, 

in the TEA, we assume the real price of Pd/C is 20% of the listed price, and this real price could be 

regarded as the “rental fee” of Pd/C. The price of all chemicals used in the production is listed in Table 

E.9. 

Assumptions for the productions: For both the conventional solvothermal production and the aqueous 

solution-based production, we assume 1 FU, i.e., 1 kg of UiO-66-NH2, is produced per batch, and the 

production of 1 FU/batch will be used in equipment selection and pricing (i.e., one set of equipment is 
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capable for producing 1 FU/batch). For the conventional solvothermal production, we assume the 

production rate is 1 batch/day in the hypothetical pilot-scale plant. For the aqueous solution-based 

production, we assume the production rate is 3 batches/day due to its high space-time-yield (STY) 

feature.  

Assumption for the equipment selection: The selection of the equipment depends on the size and the 

material of the equipment. The size of the equipment is determined from the volume of the reaction 

mixture and the loading coefficient. We assume the loading coefficient is 40% to 60%, which is 

commonly used in chemical/pharmaceutical productions.[25, 26] A loading coefficient below 40% might 

cause ineffective stirring, while a loading coefficient above 60% could create potential safety hazard.[25, 

26] For the hydrogenation reaction, the loading coefficient is fixed at 50% since the net consumption of 

hydrogen is calculated based on this value. The volume of the reaction mixture and the corresponding 

volume for the reactors are listed in Table E.10. The material of the equipment is determined from the 

nature of the reaction mixture (e.g., corrosive acids) and the reaction conditions (e.g., high temperature or 

high pressure). For non-hydrogenation reactions, we assume the reactions are carried out in (a series of) 

glass reactors. For the hydrogenation reaction, we assume the reaction is carried out in (a series of) high-

pressure stainless steel reactors. For all processes, we assume the filtration, washing and drying steps are 

carried out by the same 3-in-1 equipment. For all major pieces of equipment used in the production, their 

price and key specifications are is listed in Table E.11. 

E.5. Operating Cost and Capital Cost Inputs for Techno-economic Assessment 

Table E. 9. Summary of the price of all chemicals. Other than the concentrated acids, all other chemicals have 

purities above 98%. Unless otherwise specified, the price values were gathered from Alibaba.com or Molbase.com 

on Aug/21/2020. The specific vendor names are omitted to avoid any conflict of interests. 

 

 Minimum ($) Base ($) Maximum ($) 

98% H2SO4 (t) 240 260 300 

68% HNO3 (t) 100 343 680 

5% Pd/C (kg) 100 200 300 

H2 (kg) 1 2 3 

TPA 500 903 1500 
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ZrCl4 (t) [2],a 868 1295 1937 

36% HCl (t) 100 204 350 

DMF (t) 532 578 1167 

MeOH (t) 300 392 558 

ZrOCl2·8H2O (t) 1200 1791 2678 

AcOH (t) 228 467 622 

NaOH (t) 100 407 720 

Na2CO3 (t) 180 204 350 

DI Water (t) - 0.4 - 

Natural gas (MJ)[27] 0.0021 0.004 0.011 

Electricity (kWh)[28] - 0.0683 - 
a The price of ZrCl4 is converted from the price of ZrOCl2·8H2O since the former is used to produce the latter.  

 

Table E. 10. Summary of the reaction mixture volume and the required reactor volume.  

 

Process in Table E.3 

 

Reaction 

Mixture 

Volume (L) 

Reactor Volume (L) 

Loading Coefficient 

= 40% 

Reactor Volume (L) 

Loading Coefficient 

= 50% 

Reactor Volume (L) 

Loading Coefficient 

= 60% 

Nitration a 8.166 20.415 16.332 13.610 

Hydrogenation 41.328  82.656  

Solvothermal 104.433 261.083 208.866 174.055 

Process in Table E.4 

 

Reaction 

Mixture 

Volume (L) 

Reactor Volume (L) 

Loading Coefficient 

= 40% 

Reactor Volume (L) 

Loading Coefficient 

= 50% 

Reactor Volume (L) 

Loading Coefficient 

= 60% 

Nitration 6.296 15.740 12.592 10.493 

Hydrogenation 29.942  59.884  

Aqueous 

(metal 

solution) 

14.898 37.245 29.796 24.830 

Aqueous 

(linker 

Solution) 

17.541 43.853 35.082 29.235 
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Process in Table E.5 

 

Reaction 

Mixture 

Volume (L) 

Reactor Volume (L) 

Loading Coefficient 

= 40% 

Reactor Volume (L) 

Loading Coefficient 

= 50% 

Reactor Volume (L) 

Loading Coefficient 

= 60% 

Nitration 19.263 48.158 38.526 32.105 

Hydrogenation 108.758  217.516  

Solvothermal 274.820 687.050 549.640 458.033 

Process in Table E.6 

 

Reaction 

Mixture 

Volume (L) 

Reactor Volume (L) 

Loading Coefficient 

= 40% 

Reactor Volume (L) 

Loading Coefficient 

= 50% 

Reactor Volume (L) 

Loading Coefficient 

= 60% 

Nitration 6.499 16.248 12.998 10.832 

Hydrogenation 31.190  62.380  

Aqueous 

(metal 

solution) 

15.520 38.800 31.040 25.867 

Aqueous 

(linker 

Solution) 

18.260 45.650 36.520 30.433 

Process in Table E.7 

 

Reaction 

Mixture 

Volume (L) 

Reactor Volume (L) 

Loading Coefficient 

= 40% 

Reactor Volume (L) 

Loading Coefficient 

= 50% 

Reactor Volume (L) 

Loading Coefficient 

= 60% 

Nitration 39.150 97.875 78.300 65.250 

Hydrogenation 229.601  459.202  

Solvothermal 580.177 1450.443 1160.354 966.962 

Process in Table E.8 
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Reaction 

Mixture 

Volume (L) 

Reactor Volume (L) 

Loading Coefficient 

= 40% 

Reactor Volume (L) 

Loading Coefficient 

= 50% 

Reactor Volume (L) 

Loading Coefficient 

= 60% 

Nitration 15.055 37.638 30.110 25.092 

Hydrogenation 83.173  166.346  

Aqueous 

(metal 

solution) 

41.386 103.465 82.772 68.977 

Aqueous 

(linker 

Solution) 

48.702 121.755 97.404 81.170 

a The reaction mixture volume increases with the number of reuse of the nitration medium. The volume listed in the table is the 

maximum volume, i.e., the volume when the nitration medium is reused twice. 

 

Table E. 11. Summary of the price and key specifications of all major pieces of equipment. The equipment price 

was quoted from vendors in China on Aug/21/2020. The specific vendor names are omitted to avoid any conflict of 

interests. 

Type Materials 

Operating 

Pressure 

(MPa) 

Nominal 

Stirring 

Power/Workin

g Power (kW) 

Maximum Temp (°C) 
Lifetime 

(Year) 

Glass Reactor 

GG-17 

Borosilicate 

Glass 

0.002-0.2 

0.250 (10-50 

L)/0.400 (50-

100 L) 

400  10~15 

Stainless Steel 

Reactor 

316L Stainless 

Steel 
≤9.8 0.250/0.400 350  10~15 

Filtration-

Washing-

Drying 3-in-1 

N/A 0.4 4.0 130  10~15 

Process in Table E.3 

Reaction Type Reactor Type 
Reactor 

Size (L) b 

Number of 

Reactors 

Reactor 

Price 

(CNY) 

Total 

Price 

(CNY) c 

Total 

Price 

(USD) d 

Nitration Glass 20 1 7500 64500 9334.298 

Hydrogenatio

n 

Stainless Steel 

Reactor 
80 1 57000   

Solvothermal a Glass 100 2 14000 42000 6078.148 
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Solvent 

Recovery 
Glass 100 1 14000   

Process in Table E.4 

Reaction Type Reactor Type 
Reactor 

Size (L) 

Number of 

Reactors 

Reactor 

Price 

(CNY) 

Total 

Price 

(CNY) 

Total 

Price 

(USD) 

Nitration Glass 15 1 7300 59300 8581.766 

Hydrogenatio

n 

Stainless Steel 

Reactor 
60 1 52000   

Aqueous e Glass 30 3 8500 25500 3690.304 

Solvent 

Recovery 
Glass N/A 0 N/A   

Process in Table E.5 

Reaction Type Reactor Type 
Reactor 

Size (L) 

Number of 

Reactors 

Reactor 

Price 

(CNY) 

Total 

Price 

(CNY) 

Total 

Price 

(USD) 

Nitration Glass 40 1 9000 133000 19247.47 

Hydrogenatio

n 

Stainless Steel 

Reactor 
100 2 62000   

Solvothermal Glass 100 5 14000 98000 14182.34 

Solvent 

Recovery 
Glass 100 2 14000   

Process in Table E.6 

Reaction Type Reactor Type 
Reactor 

Size (L) 

Number of 

Reactors 

Reactor 

Price 

(CNY) 

Total 

Price 

(CNY) 

Total 

Price 

(USD) 

Nitration Glass 15 1 7300 59300 8581.766 

Hydrogenatio

n 

Stainless Steel 

Reactor 
60 1 52000   

Aqueous Glass 30 3 8500 25500 3690.304 

Solvent 

Recovery 
Glass N/A 0 N/A   

Process in Table E.7 

Reaction Type Reactor Type 
Reactor 

Size (L) 

Number of 

Reactors 

Reactor 

Price 

(CNY) 

Total 

Price 

(CNY) 

Total 

Price 

(USD) 



273 

 

Nitration Glass 80 1 12500 322500 46671.49 

Hydrogenatio

n 

Stainless Steel 

Reactor 
100 5 62000   

Solvothermal Glass 100 10 14000 196000 28364.69 

Solvent 

Recovery 
Glass 100 4 14000   

Process in Table E.8 

Reaction Type Reactor Type 
Reactor 

Size (L) 

Number of 

Reactors 

Reactor 

Price 

(CNY) 

Total 

Price 

(CNY) 

Total 

Price 

(USD) 

Nitration Glass 30 1 8500 124500 18017.37 

Hydrogenatio

n 

Stainless Steel 

Reactor 
80 2 58000   

Aqueous Glass 100 3 14000 42000 6078.148 

Solvent 

Recovery 
Glass N/A 0 N/A   

All Processes 

Process Type 
Equipment 

Type 

Equipmen

t Size  

Number of 

Equipment 

Equipment 

Price 

(CNY) 

Total 

Price 

(CNY) 

Total 

Price 

(USD) 

Filtration-

Washing-

Drying 

3-in-1 

0.78 m2 

(filtration 

area) 

/0.86 m3 

(capacity) 

1 f 205000 205000 
29667.14

9 

a Some papers suggest large reactors might have effects on the nucleation and growth of the UiO-66-NH2 in solvothermal 

production,[29] but such effects are not taken into considerations in this work. If those effects do occur and smaller reactors must 

be used, the equipment price would be higher. 

b Price for reactors larger than 100 L is less available. 

c The price on the top is for the equipment used in the 2-ATA production, and this price is eventually reflected in the price of 2-

ATA. The price on the bottom is for the equipment directly used in the UiO-66-NH2 production. 

d Based on the exchange rate on 08/21/2020. 

e One additional reactor is used for the reaction between the metal solution and the linker solution (i.e., the reaction that produces 

UiO-66-NH2). The volume of this additional reactor is chosen to be the same as the volume of the reactors used for preparing the 

metal solution and the linker solution. Hence, the reaction that produces UiO-66-NH2 needs to be carried out twice to get 1 FU. 

Given the high STY of the aqueous solution-based method, we assume that running the reaction for an additional time does not 

affect the number of FU this set of equipment could produce per day. 

f According to the manufacturer, this equipment could be used for different processes/products. 

Total process energy consumption 
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The total process energy consumption is consisted of two parts, the process heat consumption and the 

process electricity consumptions. The process heat consumption is calculated using Equation (E.14) and 

(E.15), and the values were listed in Table E.3 through Table E.8. The process electricity consumption for 

stirring is calculated using the suggested stirring power per volume mixture,[30] listed in Table E.12, the 

mixture volume, listed in Table E.10, and the equipment working time, described in the chemical 

synthesis descriptions, via the following equation: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (𝑆𝑖𝑡𝑟𝑟𝑖𝑛𝑔)

= 𝑆𝑢𝑔𝑔𝑒𝑠𝑡𝑒𝑑 𝑠𝑡𝑖𝑟𝑟𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 ×  𝑀𝑖𝑥𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 

× 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 

The process electricity consumption of filtration/washing/drying is calculated by the following equation: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛/𝑊𝑎𝑠ℎ𝑖𝑛𝑔/𝐷𝑟𝑦𝑖𝑛𝑔) = 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑃𝑜𝑤𝑒𝑟 ×  80% × 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 

The power adjusting coefficient, 80%, is applied in the above equation since the actual motor power in 

production is usually 80% to 90% of the nominal motor power.[30] The process heat and 

electricity consumption are listed in Table E.13. 

Table E. 12. Summary of the suggested stirring power per volume mixture.[30] 

Stirring Type 

Power per 

volume mixture 

(kW/m3) 

Liquid mixing 0.067 

Solid suspending 0.197-0.295 a 

Organic solid 

dissolution 
0.295-0.394 a 

Inorganic solid 

dissolution 
0.984 

a The larger value will be used in the calculations.  

 

Table E. 13. Summary of the process heat and electricity consumption. 

(E.16) 

(17) 
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Process in Table E.3 

 Heat (MJ) 
Electricity 

(kWh)  

Nitration of TPA a 7.107 6.406 

Hydrogenation of 2-NTA a 2.851 6.527 

Conventional Solvothermal 

Synthesis a 

112.497-

448.979 
7.157 

Process in Table E.4 

 Heat (MJ) 
Electricity 

(kWh) 

Nitration of TPA 5.149 6.405 

Hydrogenation of 2-NTA 2.065 6.492 

Aqueous solution-based synthesis a 6.668 6.411 

Process in Table E.5 

 Heat (MJ) 
Electricity 

(kWh) 

Nitration of TPA 18.702 6.414 

Hydrogenation of 2-NTA 7.503 6.733 

Conventional Solvothermal 

Synthesis 

296.044-

1182.227 
8.939 

Process in Table E.6 

 Heat (MJ) 
Electricity 

(kWh) 

Nitration of TPA 5.363 6.405 

Hydrogenation of 2-NTA 2.152 6.496 

Aqueous solution-based synthesis 6.946 6.411 

Process in Table E.7 

 Heat (MJ) 
Electricity 

(kWh) 

Nitration of TPA 39.481 6.429 

Hydrogenation of 2-NTA 15.84 7.104 

Conventional Solvothermal 

Synthesis 

624.981-

2495.812 
10.608 
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Process in Table E.8 

 Heat (MJ) 
Electricity 

(kWh) 

Nitration of TPA 14.303 6.411 

Hydrogenation of 2-NTA 5.739 6.655 

Aqueous solution-based synthesis 18.521 6.429 

a Assuming stirring is on during the entire synthesis.  

 

Table E. 14. Uncertainty associated with UiO-66-NH2 production 

 

 Minimum  Base  Maximum  Reference 

Uio-66-NH2 yield (mass based)- 

Solvothermal 
0.34 0.38 0.42 [8] 

Uio-66-NH2 yield (mass based)- 

Aqueous 
0.95  0.96 0.97 [8] 

Uio-66-NH2 yield (crystallinity 

based)- Solvothermal 
0.15 0.18 0.21 [8] 

Uio-66-NH2 yield (crystallinity 

based)- Aqueous 
0.33 0.36 0.39 [8] 

Solvent recycle rate 0.85 0.9 0.95 
Industrial 

setting 

Linker yield -20% 0.432 +20% This study 

Equipment life time -20% 10 yr +20% This study 

Equipment costs -20% 
Scenario-

specific 
+20% This study 

Market price  Table E.9 Table E.9 Table E.9  
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E.6. Supplementary Figures 

 

Figure E. 1. Life cycle impacts for route 1, 2, and 3 based on mass-based FU, crystallinity-based FU, and ideal case 

(100% yield). 

 

Figure E. 2. Production costs for route 1, 2, and 3 based on crystallinity-based FU 
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Figure E. 3. Production costs for route 1, 2, and 3 based on ideal case (100% yield) 
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