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Abstract 

Scaling behavior of concentrated urine membrane distillation systems 

for space applications 

By: Seth Pedersen 

One challenge facing deep space exploration is the need to provide water with 

minimal input from Earth. Consequently, it is important to develop robust technology that 

can extract >90% of the water from urine produced by crew members. Current 

technologies are challenged by mineral scaling and precipitation at high recovery rates. 

Membrane distillation (MD), which uses a thermally-induced vapor pressure difference 

to distill water vapor through a microporous hydrophobic membrane, has shown promise 

for treating concentrated wastewaters, but scaling can still be a problem. Therefore, in 

this work, I characterize the scaling behavior of synthetic and real urine in a MD system 

using experimental and modeling approaches. Water recoveries of >90% were achieved 

with rejections of >99% for most contaminants, and citrate was shown to be a promising 

inhibitor for calcium scale formation. This is one of the first studies showing calcium 

phosphate or calcium oxalate precipitation during MD. 
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Chapter 1: Introduction 

Membrane-based separation processes enable efficient reuse of traditionally 

under-utilized water sources, such as wastewater and saline seawater, with reverse 

osmosis able to operate at near the thermodynamic limit for energy required to separate a 

mixture of salt and water [1]. However, mineral scaling can be a major operational 

challenge for membrane systems and other separation systems, necessitating frequent 

cleaning regimens or even component replacement. This challenge is exacerbated for 

point-of-use systems in remote regions with less access to maintenance resources and for 

high water recovery systems, which must process concentrated brines and operate close 

to the saturation point for many solutes. 

Interplanetary space missions are one specific example of remote high water 

recovery separation systems that face issues with mineral scaling. One of the significant 

challenges facing future long-range space exploration and planetary settlements is the 

need to provide adequate water supplies with minimal resource input from Earth. Water 

can be transported as cargo for short-term missions, and some resupply from Earth is 

acceptable even for long-term missions in low-earth orbit, such as the International Space 

Station (ISS) [2]. However, beyond low-earth orbit – missions to Mars, for example – it 

becomes imperative to “close the loop” of water use and reuse [2 3]. NASA’s goal for 

“closing the loop” is to recover 98% of the water from these combined sources [4], and 

one benchmark toward meeting this goal is to increase water recovery from urine to 

>90% [2]. 
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The mechanical vapor compression distillation system currently used by NASA 

for urine processing has historically not performed well at high urine concentration 

factors due to mineral solids precipitation within the system components, a problem 

aggravated by elevated calcium concentrations in crew urine due to reduced bone loading 

in microgravity [2 5]. The current system uses a phosphoric acid and chromium trioxide 

pretreatment to control bacterial growth, urea hydrolysis, and scale formation and 

operates at 85% water recovery on the ISS [5]. The brine from this system is currently 

stored for disposal, but a membrane bladder-based evaporator called the Brine Processor 

Assembly (BPA) is currently being developed to bring total water recovery from the 

urine up to 97-98%. However, the BPA uses expensive membranes that require disposal 

after processing each batch of brine. 

In an effort to reduce the dependence on non-reusable disposable bladders for the 

BPA, and to reduce the need for the highly toxic phosphoric acid and chromium trioxide 

pretreatment currently used by the distillation system, we are investigating the use of 

membrane distillation (MD) as an enabling technology for recovering >90% of the water 

from mildly-pretreated urine. These goals become even more important in the context of 

a long-term sustainable planetary settlement. Similar to the BPA, MD uses a vapor 

pressure difference across a microporous hydrophobic membrane to separate water from 

dissolved solutes and contaminants [6], but it is typically configured for flow-through 

continuous operation instead of single-use bladders and condenses the vapor within the 

system rather than externally through a separate humidity recovery system. Additionally, 

MD has been demonstrated to operate under direct solar heating modes at high energy 

efficiencies [7], which could be beneficial for planetary settlements with limited 
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resources available. Membrane distillation has been shown to successfully treat 

concentrated brines [8 9] and is thought to be more scaling resistant than other membrane 

technologies [10]. However, further research is necessary to understand the scaling 

mechanisms in MD and to develop membranes resistant to scaling, especially when 

processing urine. Insights gained through this research could also have direct applications 

in work related to nutrient and resource recovery from urine, which has sometimes 

employed MD for concentration of recoverable constituents [11 12 13]. 

The broad goal of my research is develop membranes with anti-scaling properties 

for use in MD systems for water recovery from urine. The specific objective of this thesis 

is to characterize the scaling behavior and contaminant rejection of MD systems 

processing urine. To meet this objective, the following tasks were completed: 1) Conduct 

MD experiments using raw human urine and three synthetic urine recipes 2) Analyze the 

distillate and feed chemical compositions and the membrane scalant composition and 

morphology to identify which constituents are responsible for scaling and flux decline 

and to characterize the membrane rejection for various components, and 3) Apply a 

chemical solubility model to this system to understand at which urine concentration 

factors minerals would be expected to precipitate. Future research will investigate how 

membrane surface properties affect the scaling and fouling behavior of this system. 
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Chapter 2: Literature Review 

1. Overview of NASA’s current wastewater / water treatment 

system on the International Space Station (ISS) 

Each year Lane Carter and coworkers present a paper at the International 

Conference on Environmental Systems on behalf of NASA that summarizes the current 

configuration and status of the water and wastewater treatment system on the ISS [14]. 

The information in sections 1.1 and 1.2, along with additional details on NASA’s water 

treatment system, can largely be found in this paper [14]. 

The Water Recovery System (WRS) has two components, a Urine Processer 

Assembly (UPA) for concentrating urine, and a Water Processer Assembly (WPA) for 

treatment of water for distribution to a potable water bus for crew use [14]. The WRS on 

the ISS is designed to recover water from three primary sources: crew urine, humidity 

condensate, and Sabatier reaction product water from carbon dioxide (CO2) reduction 

[14]. Humidity condensate and Sabatier water go directly to the WPA tank, and urine is 

collected in a Russian urinal, pretreated with oxidizer and inorganic acid, and then sent to 

the UPA tank [14]. Distillate from the UPA is sent to the WPA for further treatment [14]. 

Figure 1 from Carter et al [14] provides a schematic for the overall wastewater and water 

treatment process. 
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Figure 1 Schematic of the Water Recovery System (WRS) used on the ISS [14] 

1.1 Urine Processer Assembly (UPA) 

Figure 2 from Carter et al [14] shows a schematic of the UPA segment of the 

WRS. The UPA is designed to treat 9 kg/day of urine and flush water, corresponding to a 

6 person ISS crew [14]. Urine from the U.S. and Russian sections is stored in the UPA 

wastewater tank [14]. This urine contains flush water and a chromium trioxide/inorganic 

acid pretreatment used to minimize microbial growth and urea hydrolysis to ammonia 

[14]. The U.S. section uses phosphoric acid as the inorganic acid to help reduce calcium 

sulfate precipitation [5], while the Russians still use sulfuric acid in their pretreatment. 

After a certain volume of urine has accumulated in the wastewater tank, a urine 

processing cycle automatically begins with a peristaltic pump (part of the Fluids Control 

and Pump Assembly (FCPA)) transferring the urine to the distillation assembly [14]. The 

distillation assembly is a vapor compression distillation unit that evaporates urine at low 

pressure within a rotating centrifuge [14]. Latent energy released during distillation is 
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conserved by compressing and condensing the vapor on the opposite side of the 

evaporation surface [14]. The distillation assembly was replaced in 2017 due to 

mechanical issues that leaked pretreated urine into the distillate [14]. 

 

Figure 2 Schematic of the Urine Processing Assembly component of the WRS [14] 

The Pressure Control and Pump Assembly (PCPA) removes non-condensable 

gases and uncondensed water vapor from the distillation assembly and condenses some of 

the water using a coolant within the PCPA housing [14]. The water is removed from the 

purge gas using a gas/liquid separator and is combined with condensate from the 

distillation assembly and pumped to the WPA wastewater collection tank using one of the 

FCPA peristaltic pumps [14]. The purge gas is returned to the cabin air. 
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The concentrated brine from the distillation assembly is pumped into a bellows 

tank (Advanced Recycle Filter Tank Assembly (ARFTA)) by the FCPA [14]. Effluent 

from the ARFTA passes through a brine filter to remove precipitates and is then 

combined with incoming pretreated urine from the UPA wastewater tank for further 

treatment in the distillation assembly [14]. Once the brine in the ARFTA reaches the 

specified concentration factor (i.e. water recovery %), the brine is transferred to a storage 

system for disposal [14]. The ARFTA is then loaded with unconcentrated pretreated urine 

for the next treatment cycle [14]. During 2017, the UPA produced 2789 L of distillate 

from urine, going through 31 ARFTA treatment cycles, corresponding to 85% water 

recovery for the U.S. pretreated urine, and 70% recovery for the Russian urine [14]. A 

Brine Processer Assembly (BPA) is currently being developed by NASA and Paragon 

Space Development Corp. to provide additional water recovery from the brine [14 15]. 

1.2 Water Processer Assembly (WPA) 

Figure 3 from Carter et al [14] shows a schematic of the WPA segment of the 

WRS. Urine distillate, humidity condensate, and Sabatier product water collect in the 

WPA waste tank, which contains bellows with a pressure of 5.2-15.5 kPa to drive the 

water through the Mostly Liquid Separator, which removes gas from the waste water 

[14]. The gas is filtered prior to return to the cabin to remove odor-causing contaminants 

[14]. After the gas has been removed, the water passes through a particulate filter and two 

adsorption beds that remove inorganic and non-volatile organic contaminants [14]. The 

water then goes through a catalytic reactor that removes low molecular weight organics 

by high-temperature oxidation [14]. Oxygen and other gases are removed from the 

reactor effluent using a gas-liquid separator, and dissolved oxidation by-products are 
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removed by an ion-exchange bed [14]. The final product water is then treated with iodine 

for residual disinfection prior to delivery to the potable water bus and storage tanks [14]. 

Due to breakthrough of dimethylsilanediol (DMSD) in the multifiltration beds, NASA 

will be installing characoal HEPA filters to remove atmospheric siloxanes that 

decompose to DMSD [14]. 

 

Figure 3 Schematic of the Water Processer Assembly (WPA) segment of the WRS [14] 

1.3 Brine Processer Assembly (BPA) 

To achieve water recoveries beyond what the distillation assembly can achieve, 

NASA has partnered with Paragon Space Development Corporation to develop a bladder-

based Brine Processor Assembly (BPA) to recover up to 80% of the water from distillate 

brine [15], for a combined total of 97%-98% system water recovery. The BPA operates 

using a dual-membrane bladder filled with brine. The outer membrane (Nafion
TM

) is an 
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ionomer membrane with sulfonic acid groups to facilitate transport of water vapor, while 

retaining other volatile compounds, and the inner membrane is a microporous 

hydrophobic membrane for retaining liquid [15]. Liquid cannot come in contact with the 

ionomer membrane because dissolved cations would ion-exchange with the hydrogen 

atoms on the sulfonic acid groups of the ionomer membrane, thus hindering water vapor 

transport through the ionomer membrane [15 16]. Heated cabin air flows over the 

bladder, causing water from the brine to vaporize through the bladder wall into the cabin 

air, where it is captured by the humidity condensate system [15]. The bladder and 

residual solids are disposed after the water is removed. Particularly for long-term storage, 

pore wetting may be an issue due to fouling/scaling of the membrane, though tests do 

indicate that BPA pore wetting tends to remain localized and not increase under pressure 

[15]. 

1.4 Development of alternative phosphoric acid pretreatment 

In 2009, the distillation apparatus on the ISS faced critical mechanical failure due 

to gypsum (CaSO4 • 2H2O) precipitation [5]. After the failure, the water recovery rate 

was reduced to 65% as a preventative measure, then raised up to 70% in 2010, then to 

75% in 2014 to mitigate precipitation at the higher recovery rate/concentration factor [5]. 

Ground analysis of the system found that gypsum precipitation was caused by two 

factors: 1) elevated calcium concentrations in urine due to astronaut bone loss in 

microgravity and 2) decrease in gypsum solubility due to addition of sulfate from the 

sulfuric acid in the urine pretreatment [5].  
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A “Precipitation Prevention Project” was initiated to determine the most feasible 

way to prevent gypsum precipitation at 85% water recover rate [5]. After evaluating a 

number of options (including ion exchange to remove calcium [17], chelating agents, 

threshold inhibitors, electromagnetic processes, and sulfate-free urine pretreatments [5]), 

implementing an ion exchange system to remove calcium ions and finding an alternative 

urine pretreatment recipe were determined to be the most feasible options [5]. Of these 

two, alternative sulfate-free urine pretreatment was selected because it would require no 

additional hardware or consumables [5]. 

As stated in Muirhead et al [5], the two important goals of the alternative 

pretreatment were: 1) prevent mineral precipitation on surfaces in contact with the urine 

and 2) prevent microbial growth within the system. A low pH of <2.5 is desired to 

control microbial growth, to keep alkaline precipitates soluble, and to provide protons for 

the chromium trioxide oxidation reaction [5]. Instead of sulfuric acid, the proposed 

alternative pretreatment used phosphoric acid [5]. Using the alternative pretreatment has 

allowed the ISS to return to, and potentially exceed, 85% water recovery from urine [5 4].  

With the use of alternative pretreatment, combined with the development of the 

BPA, NASA now has the technical ability to approach >98% total water recovery [15]. 

However, given many mechanical failures experienced by the current WRS [14], it is 

beneficial to explore simple, one-step systems that can achieve high water recovery rates, 

while also minimizing the use of consumables, such as the bladders used by the BPA. 

Looking to the future toward planetary settlements and long-term space habitation, it is 

particularly desirable to have simpler systems that do not rely as extensively on 

consumables. Membrane distillation is one promising alternative. 
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2. Membrane distillation overview 

Membrane distillation (MD) is an emerging third-generation water treatment 

technology that purifies water using a temperature-induced partial vapor pressure 

difference that transports water vapor across a non-wetted hydrophobic porous membrane 

that separates the contaminated feed solution from the distilled water produced by the 

system [6 18 19 20 21 22 23]. MD was first patented in 1963, but has only entered a 

major growth phase of research interest within the past decade [24]. Figure 4 [25] 

provides an illustration of how the hydrophobic MD membrane prevents contaminated 

feed from penetrating through the membrane, while allowing distilled water vapor to pass 

through. 

 

Figure 4 Diagram of the hydrophobic membrane that forms the heart of the membrane 

distillation process. The feed/retentate side is heated to create a partial vapor pressure 

difference that drives pure water vapor across the hydrophobic membrane to the distillate 

side. Figure from [25]) 

Two important operational issues relevant to MD include temperature and 

concentration polarization [6]. Temperature polarization refers to the reduction in 
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temperature difference of the fluid directly at the membrane surface compared to the bulk 

due to heat exchange across the membrane. Because of temperature polarization, it is 

important to minimize the heat conductivity properties of the membrane. Concentration 

polarization refers to an increase in concentration in the feed directly at the membrane 

surface compared to the bulk due to water vapor flux out of that fluid layer and into the 

membrane. 

Because of its unique transport properties, MD has several advantages compared 

to more traditional desalination methods. Compared to traditional thermal-based systems, 

MD requires lower temperatures to induce the vapor separations and can consequently 

operate using low-grade heat, waste heat, or renewable energy sources, such as solar or 

geothermal [6 19 26 27]. Advantages of MD over pressure-based desalination 

technologies, such as reverse osmosis, include lower operating pressure, as well as an 

accompanying decrease in the need for complex and heavy duty pumps, piping, etc. [19 

26]. Because the membrane in MD acts primarily as a support for the liquid/vapor 

interface, instead of actually physically separating the liquid from the solute, MD has 

higher solute rejection than reverse osmosis and does not depend on the osmotic pressure 

of the feed solution [6 19 22 26]. Additionally, since the membrane does not actually 

filter the contaminants, MD membrane pore sizes can be larger than for reverse osmosis, 

leading to more resistance to scaling and fouling clogging the pores [28]. 

While MD has yet to achieve widespread industrial acceptance, some special 

applications have been tested in laboratory and pilot-scale settings that show promise for 

high performance. These include production of high purity water (because of the high 

solute rejection achieved by MD), nuclear/radioactive decontamination, fruit juice 
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concentration (since high temperatures would degrade these compounds), extraction of 

volatile organic compounds from solutions, processing pharmaceutical compounds, 

treatment of high salinity brines (such as those produced during shale gas extraction or 

from reverse osmosis desalination), and the removal of heavy metals and other 

micropollutants [18 21]. 

More recently, novel configurations of MD have been developed to reduce 

temperature polarization effects through efficient direct heating of the membrane surface. 

Carbon black membrane coatings have been used to harness sunlight for direct solar 

heating of the fluid at the membrane surface [7], and electrically-conductive membranes 

employing Joule heating of the membrane surface using electrical energy [29]. In 

addition to reducing temperature polarization effects, these configurations have potential 

application for space flight scenarios, such as planetary bases (solar heating) and transit 

missions (electrical heating using solar panels). 

Since MD depends on a hydrophobic membrane to separate liquid and vapor 

phases, it does not traditionally work well for treating low surface tension liquids such as 

oils or surfactants. However, recent work has focused on tailoring the membrane surface 

properties to achieve special wettability and omniphobicity for repellence of both water 

and low surface tension fluids [30 31]. This could be a critical attribute for implementing 

MD in space flight systems, since future water treatment systems will need to be able to 

process hygiene wastewater [2] which would contain soaps and surfactants. 
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3. Membrane scaling in membrane distillation 

As with any membrane-based process, fouling and scaling can have deleterious 

effects on process performance in MD, and it is therefore important to understand the 

mechanisms by which scaling and fouling occur in MD, and how these processes can be 

mitigated. 

Based on work by Warsinger, et al. and Tijing et al., the primary scalants of 

concern in membrane distillation are calcium carbonate (CaCO3), magnesium hydroxide 

(Mg(OH)2), calcium sulfate (CaSO4), calcium phosphates, non-alkaline magnesium salts 

(MgCl2 and MgSO4), sodium chloride (NaCl, only in extreme concentration scenarios, 

such as membrane dry-out), iron oxides, and silica [26 27]. These types of scalants can be 

divided into three groups: alkaline scale that has pH-raising tendencies, non-alkaline 

scale that is charged, but does not greatly affect the pH, and uncharged (particulate) scale 

[26]. Calcium carbonate and magnesium hydroxide are alkaline, while calcium sulfate, 

calcium phosphates, and sodium chloride are non-alkaline, and silicates can be 

represented as uncharged particulate scale [26]. These scalants will now be considered in 

turn. 

3.1 Calcium carbonate scaling 

Calcium carbonate is one of the most common scales, and is often the first to 

precipitate out, as in the study of membrane distillation of coal seam gas produced water 

by Zhong, et al. [32]. This study was focused on silica scaling, but included analysis of 

the co-effects of polyvalent cations such as calcium and magnesium. These researchers 
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conducted a MINTEQ analysis of the coal seam gas produced water, allowing for 

possible precipitation of calcium carbonate as calcite and aragonite, calcium magnesium 

carbonates as hunite and dolomite, magnesium silicates as sepiolite and chrysotile, and 

silica as quartz and cristobalite [32]. These results generally showed an increase in 

saturation index with pH [32]. The saturation index is a measure of the tendency of a 

certain salt to precipitate out of solution, and is expressed by the following equation: 

 
𝑆𝐼 = 𝑙𝑜𝑔

𝐼𝐴𝑃

𝐾𝑆𝑃
 (1) 

where 𝑆𝐼 is the saturation index, 𝐼𝐴𝑃 is the ion activity product, and 𝐾𝑆𝑃 is the 

solubility product of the salt. 

Elevated temperatures of 70° C for the membrane distillation feed caused a shift 

toward CO3
2-

 in the HCO3
-
/CO3

2-
 system, causing early precipitation of calcium 

carbonates [32]. The presence of silica affected the type of crystals that formed, with 

silica-rich feeds forming hexagonal calcite calcium carbonates surrounded by porous 

silica deposits that produced less flux decline than the flatter aragonite calcium 

carbonates that caused more complete pore blockage in silica-poor feeds [32]. This study 

found that periodic rinsing with dilute hydrochloric acid (0.32%) was sufficient to 

prevent calcite scaling and mitigate most of the scaling occurring with membrane 

distillation of coal seam gas water [32]. 

Curcio, et al. performed an interesting study on some of the energetic influences 

on calcium carbonate scaling, including heterogeneous nucleation characteristics and the 

inhibiting effects of humic acid in solution [33]. During this study, the researchers used 
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an equation derived to describe the ratio of Gibb’s free energy for heterogeneous 

nucleation to Gibb’s free energy for homogeneous nucleation: 

 ∆𝐺heterogeneous
∗

∆𝐺homogeneous
∗ =

1

4
(2 + cos 𝜃)(1 − cos 𝜃)2 [1 − 𝜀

(1 + cos 𝜃)2

(1 − cos 𝜃)2
]

3

 
(

2) 

where 𝜃 is the contact angle of the membrane (hydrophobicity), and 𝜀 is the 

membrane porosity [33] . The reactions and equilibrium constants used in this study were 

analyzed using Visual MINTEQ [33]. The results of this study showed that that the 

presence of a polymeric membrane decreases the interfacial energy of the system, 

lowering the Gibb’s free energy barrier that must be overcome for nucleation to occur, 

and causing heterogeneous nucleation and vaterite crystal growth on the membrane 

surface [33]. Curcio, et al. also examined the inhibitory effects of humic acid, and found 

that humic acid in solution caused a 7% increase in interfacial energy due to the 

interactions between calcite crystals and the humic acid, thereby causing a decrease in 

calcium carbonate precipitation rate [33]. 

Interestingly, another study showed minimal flux decline from calcium carbonate 

scaling. This was explained in part due to the rapid precipitation of calcium carbonate 

occurring homogenously in the bulk solution instead of directly on the membrane surface 

[34 35]—in fact, the researchers noted that the feed solution turned visibly cloudy as the 

calcium carbonate precipitated in solution [34]. Because most of the precipitation 

occurred in the bulk solution, only small salt crystals formed on the membrane surface, 

leaving large portions of the membrane exposed [34]. This study also found some 

interesting pH effects surrounding the precipitation of calcium carbonate, namely a 

decrease to pH 6 during the first hour of the experiment, followed by an increase back to 
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pH 7 toward the end of the experiment [34]. This was explained by the rapid precipitation 

of calcium carbonate freeing CO2 to dissolve in solution, acidifying the water; then as the 

calcium carbonate precipitation rate slowed, the CO2 migrated from the feed, the pH 

returned to the initial value [34]. 

Because calcium carbonate scale is unlikely to form below a pH of 7 [26], it is 

unlikely to form in urine membrane distillation systems, since urine has a pH of ~5.7-6.3 

[36].  

3.2 Magnesium hydroxide scaling 

Magnesium hydroxide scaling is not a significantly-studied scalant in membrane 

distillation, but in waters with high magnesium concentrations, it can be important, 

especially at high temperatures due to its inverse solubility due to the hydrolysis of 

carbonate from calcium carbonate making the solution more basic (increasing the 

precipitation tendency of Mg(OH)2) [26]. In a relatively early study by Gryta of alkaline 

scaling in membrane distillation, magnesium hydroxide scaling was observed at 

temperatures exceeding 348 K [37]. Because magnesium hydroxide is an alkaline scale, it 

too is unlikely to form in urine because urine pH is typically less than 7. 

3.3 Calcium sulfate scaling 

Calcium sulfate is a common non-alkaline scale in membrane distillation, and is a 

persistent, tough-to-remove scale [26]. In the study by Nghiem and Cath that showed 

minimal calcium carbonate scaling, calcium sulfate was the most dominate and severe 

scalant [34]. The key issue with calcium sulfate scaling is its long induction time. 
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Because of the long induction time for calcium sulfate scaling, there are more 

opportunities to mitigate this detrimental flux decline, by removing membrane nucleation 

sites prior to the occurrence of the scaling [34]. A simple method proposed by Nghiem 

and Cath involved regular membrane washing, which was quite effective in preventing 

calcium sulfate scaling [34]. 

3.4 Calcium phosphate scaling 

Calcium phosphate scaling is not normally a problem in membrane distillation, 

with no published studies showing calcium phosphate scaling in membrane distillation 

[26 27]. However, calcium phosphate scale was shown to be a potential limiting factor in 

reverse osmosis of wastewater [38 39]. Additionally, if polyphosphate antiscalants are 

added to a water source, high temperature hydrolysis of the polyphosphate can free 

phosphate ions for potential precipitation as calcium phosphate [26 40]. Calcium 

phosphate is a well-known kidney stone that increases in prominence especially with 

higher pH values [36], so it is a likely candidate for membrane scaling of MD systems 

used to treat urine. 

3.5 Sodium chloride scaling 

Because of the extraordinarily high solubility of sodium chloride, it does not 

normally cause scaling problems, but in certain unique scenarios, such as membrane dry-

out it can be a problem, with scaling occurring at concentrations of around 26% NaCl [26 

41]. 
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3.6 Silica scaling 

While silica scaling and fouling is not normally as major of an issue as calcium 

carbonate or calcium sulfate scaling, it can cause problems because of its small size, 

which prevents easy pretreatment to remove it, and because it is difficult to clean off 

using acid washes because of its uncharged state [26]. Additionally superhydrophobic 

membrane coatings, which have been shown to mitigate certain types of scales [26] 

actually exacerbate silica scaling, possibly due to the superhydrophobic coating 

decreasing the charge density of the membrane or contributing to silica coalescence on 

the membrane [42]. Silica scaling generally involves a polymerization of silicic acid, 

along with dehydration, cross-linking, and Van der Waals interactions [42]. 

A study by Gilron et al [43] found that silica scaling in MD could cause flux 

declines greater than those caused by gypsum and calcium carbonate scaling, and that the 

scaling progressed by depositing on the membrane, causing membrane wetting, and 

depositing deeper into the membrane, further compromising performance [43]. 

4. Urine composition 

To characterize the scaling behavior of urine in MD systems, it is important to 

understand the composition and chemistry of urine. 

Urine is a fluid secreted by the human kidneys as a waste product of blood 

filtration, where it passes through the ureters into the bladder, where it is stored prior to 

expulsion through the urethra [44]. Composition of urine can be quite varied, depending 

on diet [45] and race [46], among other factors. 
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Urine has traditionally been considered sterile, but research has shown that urine 

collected mid-stream (“clean catch”) from healthy subjects does indeed have a 

microbiotic community. The dominant species in healthy male urine is Corynebacterium, 

and the dominant species in healthy female urine is Lactobacillus [47], consistent with 

established studies showing that the female vagina is largely colonized by Lactobacillus 

bacteria [47 48 49 50]. Pathogenic microorganisms, such as Schistosoma haematobium, 

Salmonella typhi, Salmonella paratyphi, and Leptospira interrogans can also 

occasionally be found in human urine [47]. 

Table 1 shows a summary of urine composition from six papers on urine 

chemistry [45 46 51 52 53 54]. 

Component Lower (mg/L) Upper (mg/L) Avg (mg/L) 

Sodium 1632 2734 2190 

Potassium 1172 1767 1419 

Calcium 83 131 110 

Magnesium 50 84 66.8 

Ammonium 294 517 427 

Chloride 2687 4048 3452 

Phosphate 360 2272 1283 

Sulfate 640 1460 1127 

Creatinine 564 1290 887 

Uric acid 230 444 335 

Oxalic acid 14 28 18.7 

Citric acid 233 411 314 

Urea* 11511 11511 11511 

* Urea measurements were only reported for one of the six studies. 
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Table 1 Typical urine concentrations for various constiuents summarized from six studies 

chemistry [45 46 51 52 53 54]. 

Putnam [55] provides a detailed list of 68 constituents that compose >99% of total 

urine solutes. Table 2 lists ranges for selected constituents from Putnam [55]. 

Component Lower (mg/L) Upper (mg/L) Avg (mg/L) 

Urea 9300 23300 16300 

Sodium 1170 4390 2780 

Potassium 750 2610 1680 

Calcium 30 390 210 

Magnesium 20 205 112.5 

Ammonia 200 730 465 

Chloride 1870 8400 5135 

Phosphorus, total 470 1070 770 

Sulfur, inorganic 163 1800 981.5 

Creatinine 670 2150 1410 

Uric acid 40 670 355 

Oxalic acid 1 30 15.5 

Citric acid 90 930 510 

Table 2 Typical urine concentrations for various constituents as presented by Putnam [55] 

Typical kidney stones formed from urine precipitation include calcium oxalate, 

calcium phosphate as brushite or apatite, struvite, or uric acid [56 57]. Struvite 

(NH4MgPO4·6H2O) forms due to bacterial hydrolysis of urea to ammonia at alkaline pH 

[56]. Citrate can complex with urinary calcium to help reduce calcium oxalate 

precipitation [53 58], suggesting a possible mechanism for mitigating scale formation 

during MD treatment of urine-based wastewaters. 
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Chapter 3: Methods, Results, & Discussion: Scaling 

behavior of concentrated urine membrane distillation 

systems for space applications 

Manuscript prepared for publication in Separation and Purification Technology. 

1. Introduction  

Recycling drinking water from urine is a critical need in long-term space missions 

because of the extreme dearth of fresh water supplies in space, coupled with the high 

costs associated with launching heavy water surpluses [2]. Current technologies for 

recovering water from urine include a combination of vapor compression distillation, 

followed by adsorption beds and catalytic oxidation [14], with additional water recovered 

from the left-over brine using a membrane process similar to membrane distillation (MD) 

[15].  

Urine is commonly seen as a waste product, but in reality can provide useful 

resources. The high concentrations of nitrogen (N), phosphorus (P), and potassium (K) in 

urine are excellent fertilizer for crops. Urine has been used directly as a liquid fertilizer in 

some organic farming contexts [59]. However, urine separation to recover concentrated 

nutrients and clean water is more desirable in many applications. Some methods 

investigated for recovering nutrients from urine include nitrification and distillation [11], 

struvite crystallization through magnesium (Mg) addition [60], and membrane processes, 

such as forward osmosis, electrodialysis, and membrane distillation [61 62].  
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MD employs a thermally-driven vapor pressure difference to distill vapor across a 

microporous hydrophobic membrane [6]. Because MD can achieve near 100% rejection 

of non-volatile solutes [6 26] and can concentrate waste streams to a greater extent than 

reverse osmosis (RO) [61 63], it is a strong candidate for urine separation, enabling both 

high pure water recovery rate, and high nutrient concentration. 

Like any membrane-based water treatment processes, membrane scaling and 

fouling is one challenge faced by MD in practical applications.  Scaling and fouling leads 

to deposition of scalants or foulants on the feed side of the MD membrane surface, 

increasing heat and mass-transfer resistance, which in turn leads to membrane flux 

decline. More importantly, when scalants and foulants deposit at the opening or on the 

internal wall of the membrane pores, untreated feed water may penetrate the MD 

membrane, i.e., membrane wetting, leading to deteriorated permeate water quality [21 26, 

27 64]. Scaling issues worsen as urine is concentrated, making this a critical problem for 

increased water recovery and nutrient harvesting from urine. While some researchers 

have investigated the use of MD to treat urine, either as a stand-alone process [12 65 66 

67], or coupled with forward osmosis (FO) [62 68 69], few studies have provided detailed 

characterization of the scaling behavior of urine in MD systems operating at high water 

recovery rates. 

For early-stage process design and development, it can be logistically easier to 

use synthetic urine instead of real human urine [70]. While the legitimacy of synthetic 

urine as an equivalent for real urine has been confirmed for some applications, such as 

simulation of urea hydrolysis [71], few if any studies to date have provided a detailed 

comparison between the scaling behavior of synthetic and real human urine in MD 
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systems, especially for space flight applications, which can have altered urine 

composition, such as increased calcium (Ca
2+

) concentration due to astronaut bone loss 

[5].  

In this study, we performed MD experiments using both real and synthetic urines 

of different compositions to identify primary urine constituents responsible for MD 

scaling in space flight applications, assess the suitability of synthetic urine for 

characterizing membrane scaling behavior in MD systems, and determine the effect of 

membrane scaling on water recovery and permeate quality in urine treatment by 

membrane distillation. 

2. Experimental 

2.1 Urine preparation 

Four urine preparations were tested during this study.  

Real human urine was collected and pooled at NASA Johnson Space Center (JSC) 

in Houston, TX, USA. In accordance with standard JSC protocol, empty bottles were 

placed in designated male and female restrooms in the Crew and Thermal Systems 

Division at the beginning of a business day, and the filled bottles were retrieved 

throughout the morning, combined in a common carboy, and refrigerated until testing. 

The urine was augmented with various organics and inorganics to more closely match 

space flight concentrations [72], but no pretreatment was added. 

Three synthetic urine preparations were used to investigate the impact of urine 

composition on scaling in the MD reactor. Synthetic urine #1 was prepared according to 
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the recipe from Verostko et al [70], and supplemented with calcium (Ca
2+

) to account for 

astronaut bone loss [5]. A 5 mM citric acid pretreatment was added to reduce urea 

hydrolysis by lowering the pH to 5.00 [71 73] and to promote calcium complexation 

through the addition of citrate [74]. This synthetic urine was prepared at a concentration 

factor of 2x (50% water recovery) by doubling each component concentration during 

preparation. Based on discussion with Chris Carrier, a NASA chemist and one of the 

authors of Verostko et al [70], this recipe was developed as a general urine proxy for 

researchers lacking the capability to collect real urine, who at the time were simply using 

gray water as a urine proxy. Most of the studies at the time were focusing on issues 

related to ammonia hydrolysis more than on mineral scaling of urine brines. Therefore, 

concentrations of citrate, oxalate, phosphate, and other ions were not as much of a 

concern as ammonia or nitrogen concentrations during the development of this recipe. 

Synthetic urine #2 was prepared from Verostko et al [70], but because the 

phosphate (PO4
3-

) concentration in the recipe by Verostko et al [70] was lower than 

typical phosphate concentrations in urine, the PO4
3-

 concentration for synthetic urine #2 

was increased from 223 mg/L (2.35 mM) to 1899 mg/L (20.0 mM) according to the 

recipe from Ray et al [71] to more closely match typical urine values [45 46 51 52 53 54 

55]. In addition, flush water was included in this recipe, and no citric acid pretreatment 

was added, to provide a more similar comparison to the real urine test.  

In space, astronaut urine phosphate concentrations are higher than on earth, so for 

the third synthetic urine test, the phosphate concentration was further increased up to 

2698 mg/L (28.4 mM), in accordance with standard NASA urine augmentation protocol 

[72]. Additionally, because the upper limit of oxalic acid concentration in urine is 30 
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mg/L [55], the oxalate (C2O4
2-

) concentration in this test was reduced from the 96.9 mg/L 

(1.10 mM) called for by Verostko et al [70] to 24.0 mg/L (0.27 mM). As with synthetic 

urine #2, flush water was included in this recipe, and no citric acid pretreatment was 

added, to provide a more similar comparison to the real urine test. 

The amount of flush water added to the real urine and synthetic urine #2 and #3 

was based on published NASA dilution factors of 1.23 for the real urine [72] and 1.27 for 

synthetic urine #2 and #3 [70 72], while synthetic urine #1 was prepared without flush 

water dilution. Table 3 provides a comparison between the augmented real urine and the 

three synthetic urine recipe components. See the supplemental information for additional 

details on the urine preparation. 

 Real Urine Synthetic #1*† Synthetic #2* Synthetic #3* 

Cl⁻ (mg/L) 2675.4 11894 3545.0 2728.1 

PO₄³⁻ (mg/L) 2698.3 446.1 1899.0 2698.0 

SO₄²⁻ (mg/L) 1764.2 4123.4 1621.9 1652.3 

Ca²⁺ (mg/L) 207.3 460.8 230.0 230.0 

K⁺ (mg/L) 1970.0 4553.9 1830.3 1564.5 

Mg²⁺ (mg/L) <50.0 391.9 97.0 97.0 

NH₄⁺-N (mg/L) 134.0 1446.4 601.3 601.3 

Na⁺ (mg/L) 1994.2 6242.8 2167.0 2001.6 

TN (mg/L) 8846.0 17075 6741.5 6741.4 

TOC (mg/L) 7652.0 11332 4521.9 4521.9 

Citrate (mg/L) 502.3** 5738.8 2426.7 2426.7 

Formate (mg/L) 53.8** 625.8 246.2 320.6 

Oxalate (mg/L) 24.0** 246.3 96.9 24.0 

Glutamate (mg/L) 162.5** 985.8 387.7 387.7 

pH 5.78 4.99 5.26 5.30 
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Includes flush 

water? 
Yes No Yes Yes 

Includes citric acid 

pretreatment? 
No Yes No No 

     

* Theoretical concentrations based on recipe constituents 

† Concentrations are at a 2x concentration factor 

** Not measured, but estimated from average concentrations from Putnam [55] 

Table 3 Components of augmented real urine and three synthetic urine recipes used in 

this study. 

2.2 Direct contact membrane distillation (DCMD) experiments 

All experiments were performed using a bench-scale direct contact membrane 

distillation (DCMD) apparatus, as illustrated in Figure 5. A polyvinylidene fluoride 

(PVDF) membrane (Pall Corp. Fluorodyne II 0.2 μm pore size PVDF) was housed in a 

polypropylene DCMD module with Viton ® flow channels. Flow channel dimensions for 

both the feed and distillate were 5.0 cm x 10.0 cm x 0.16 cm. The module was operated 

in a counter-current flow configuration with a flow rate of 200 mL/min in both channels 

(4.17 cm/sec cross-flow velocity). Polypropylene mesh spacers (McMaster Carr, 

PN#9265T49) were used in both the feed and distillate channels to promote turbulence. 

Feed and distillate inlet temperatures were maintained at 60 °C and 20 °C, respectively, 

using a hot water bath (Cole Parmer) and a chiller (VWR). The brine from the feed 

channel was recirculated back to the feed reservoir. Therefore, the water recovery and 

therefore concentration factor increased as the experiment proceeded. Membrane flux 

was determined by measuring the increase in distillate mass using a digital balance 

(Ohaus AV64C) connected via RS232 serial cable to a computer. Balance readings were 

collected using the WinWedge software (TalTech) in conjunction with a macro-enabled 

Excel® spreadsheet. 
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The real urine test was run until the feed reservoir was emptied, leaving only fluid 

circulating within the tubing. Subsequent tests with synthetic urine had higher initial feed 

volumes to prevent the reservoir from emptying. Synthetic urine #1 was tested until the 

flux dropped to <1 Lm
-2

hr
-1

, and synthetic urines #2 and #3 were tested until the same 

water recovery as for real urine was reached. 

 

Figure 5 DCMD apparatus used for urine MD experiments 

During each experiment, samples of 50 mL in volume were taken from the 

distillate and feed at predetermined intervals, and analyzed for concentrations of various 

water quality parameters of interest.  

Upon completion of each experiment, the membrane module was drained, and the 

membrane was gently removed from the module. The membrane was dipped in deionized 
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water to remove any remaining feed urine, excess water wicked away using tissue paper, 

and the membrane sample air-dried overnight before further characterization. 

2.3 Water quality analyses of feed and permeate 

For the real urine experiment, all water quality analyses were performed by the 

Water Analysis Laboratory at the NASA Johnson Space Center. Ion chromatography (IC) 

was used to measure the concentrations of chloride (Cl
-
), phosphate (PO4

3-
), sulfate 

(SO4
2-

), calcium (Ca
2+

), potassium (K
+
), magnesium (Mg

2+
), ammonium nitrogen (NH4

+
-

N), and sodium (Na
+
) ions, a total organic carbon analyzer was used to measure total 

organic carbon (TOC), total inorganic carbon (TIC), and total nitrogen (TN), and pH and 

conductivity were measured with their respective meters. 

For the synthetic urine experiments, IC (Dionex ICS-2100) was used to measure 

chloride (Cl
-
), phosphate (PO4

3-
), sulfate (SO4

2-
), oxalate (C2O4

2-
), and citrate (C6H5O7

3-
) 

ion concentrations, inductively coupled plasma optical emission spectroscopy (ICP-OES, 

Perkin Elmer Optima 8300) was used to measure calcium (Ca
2+

), potassium (K
+
), 

magnesium (Mg
2+

), and sodium (Na
+
) concentrations, a TOC analyzer (Shimadzu TOC-

VCSH) was used to measure total organic carbon (TOC), and pH and conductivity were 

measured with a multimeter (Oakton PC 2700). Samples were diluted as necessary prior 

to analysis to obtain concentrations within the measurable ranges. Samples for IC 

measurement were filtered through a 0.2 μm syringe filter, and samples for ICP-OES 

were prepared in 2% metals-grade nitric acid. 
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2.4 Membrane characterization 

2.4.1 Surface Morphology 

The surface and cross-section of the fouled membrane samples were imaged using 

scanning electron microscopy (SEM, FEI Quanta 400). Flat and cross-sectional samples 

were sputtered with a 15 nm gold layer (Denton Desk V) prior to analysis. Cross-sections 

were attached to vertical mounts and then sliced transversely with a sharp razor blade. 

2.4.2 Scaling laying chemical characteristics 

The elemental composition of the fouled/scaled membrane surface was analyzed 

by energy dispersive spectroscopy (EDS). The crystalline structure and identity of the 

minerals deposited on the membrane was characterized using an X-ray diffractometer 

(XRD, Rigaku) with a copper target, scan range from 2θ = 3 - 60°, scan speed of 0.500 

deg/min, scan width of 0.020°, and divergent height limiting slit width of 10 mm. The 

XRD spectra were analyzed using the Rigaku PDXL 2 and Crystal Impact Match! data 

analysis software packages.  

2.5 Chemical speciation modeling 

Mineral scaling in a membrane system is a complex process affected by not only 

the mineral ion composition of the feed solution, but also the presence of chelating 

agents, surface roughness features that serve as nucleation sites, as well as other 

physicochemical properties of the surface, and local transport phenomenon such as 

concentration polarization.  Because urine is a complex fluid containing a large number 

of organic and inorganic species (Table 3), an equilibrium chemical speciation model, 

Visual MINTEQ, was used to investigate potential scale species as a function of the urine 
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composition at different water recovery levels, i.e., different concentration factors, where 

concentration factor is defined as 

 
𝐶𝐹𝑡 =

𝑉0
𝑉𝑡

 
 

 where CFt = concentration factor at time t, V0 is the initial urine volume, and Vt is the 

urine volume at time t. Water recovery is defined as 

 
𝑊𝑅 = (1 −

1

𝐶𝐹
) × 100% 

 

where WR is the water recovery. The initial compositions used for each urine preparation 

(i.e., concentration factor of 1) were those listed in Table 3.  Simulations were run at 

concentration factors corresponding to the sample withdrawal points for each experiment. 

 3. Results and discussion 

3.1 Flux and water recovery 

Membrane distillate flux as function of time is shown in Figure 6 (A) for each 

DCMD experiment performed. The same flux data were also plotted as a function of 

concentration factor and water recovery (Figure 6 (B)). The urine distillation 

measurements were modified by an evaporation rate to account for urine lost through 

evaporation. This rate was calculated by comparing the final and initial chloride (Cl
-
) 

concentrations and assuming that the chloride was being concentrated at the same rate as 

the urine as a whole. 
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Figure 6 Membrane flux over time (top) for all four DCMD tests, and membrane flux vs 

urine concentration factor / water recovery (bottom) 

Membrane permeate flux when treating the augmented real urine declined steadily 

over time, up to a urine concentration factor of 4 (equivalent to ~75% water recovery), 

suggesting scale formation on the membrane. At this point, all the urine in the reservoir 

had been processed and the only urine remaining was that circulating in the heat 

exchange coil in the hot bath (see Figure 5). The experiment was continued until a final 

A 

B 
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urine concentration of 6x was reached to allow more scaling to occur, at which point the 

membrane was removed for analysis. The final water recovery reached was 83%. 

Because air bubbles began entering the tubing from the empty reservoir during this 

period, flux measurement was disrupted and flux data are therefore not shown in Figure 

6.  

The experiment with synthetic urine #1 started at a urine concentration factor of 

2x because the concentration of each chemical in the recipe was doubled. For the first 20 

hours, up to a water recovery of ~80%, the membrane flux was steady at ~12 L m
-2

 hr
-1

, 

after which a rapid drop in flux was observed, suggesting the onset of substantial scaling. 

This was followed by a gradual flux decline for ~ 20 hours, at the end of which the flux 

was approaching zero. The experiment was terminated after a urine concentration factor 

of 11.9 was reached, equivalent to ~91.5% water recovery. 

Synthetic Urine #2 simulates urine with flush water without citric acid 

pretreatment. It contains elevated concentration of Ca
2+

 to account for the effect of bone 

loss in the space, and a typical PO4
3-

 concentration in urine on earth. To provide a good 

comparison with the scale formed in the real urine experiment, the experiment with 

synthetic urine #2 was terminated after reaching ~80% water recovery. The membrane 

flux in this test steadily declined from ~18 L m
-2

 hr
-1

 at the start of the test to ~12 L m
-2

 

hr
-1

 after 15 hours (urine concentration factor 2x), then remained relatively steady for the 

remainder of the experiment. 

Synthetic urine #3 has elevated concentrations of both Ca
2+

 and phosphate to best 

mimic astronaut urine in the space. It also has a reduced oxalic acid concentration to be 
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consistent with what is typically measured in urine [55] as calcium oxalate was found to 

be an important mineral that precipitated on the membrane in the experiment using 

synthetic urine #1 and #2.  The experiment with synthetic urine #3 was performed until a 

urine concentration factor of 5x (80% water recovery) was achieved. Interestingly, only 

minor flux decline was observed throughout the experiment. The fact that this test, which 

had higher phosphate concentrations, but lower oxalate concentrations, still showed less 

flux decline than the second synthetic urine test, suggests that oxalate is a more important 

contributor to undesirable membrane scaling than phosphate for urine DCMD systems. 

3.2 Contaminant rejection 

Membrane distillation can theoretically achieve 100% contaminant rejection for 

non-volatile solutes [6 26] Consistent with this, the observed rejection of almost all urine 

constituents was >99% for the real urine and the three synthetic urine recipes. Rejection 

was calculated according to 

 
𝑅 = (1 −

𝑉𝑓𝐶𝑑𝑖𝑠𝑡,𝑓 − 𝑉0𝐶𝑑𝑖𝑠𝑡,0

𝐶𝑓𝑒𝑒𝑑,0(𝑉𝑓 − 𝑉0)
) × 100% 

 

where R is rejection, Vf is the final distillate volume, Cdist,f is the final distillate 

concentration, V0 is the initial distillate volume, Cdist,0 is the initial distillate 

concentration, and Cfeed,0 is the initial feed concentration. Tables 4 – 7 show the rejection 

for various components for each test. 

 Initial feed 

concentration (mg/L) 

Final distillate 

concentration (mg/L) 

Rejection 

Cl
-
 2675 mg/L 11.30 mg/L 99.41% 

PO4
3-

 2698 mg/L 1.947 mg/L >99.8% 

SO4
2-

 1764 mg/L 2.08 mg/L >99.8% 
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Ca
2+

 207.3 mg/L 0.512 mg/L >99.6% 

K
+
 1970 mg/L 8.370 mg/L 99.44% 

Mg
2+

 <50.0 mg/L <0.5 mg/L N/A 

Na
+
 1994 mg/L 3.989 mg/L >99.6% 

NH4
+
-N 134.0 mg/L 5.309 mg/L >93.7% 

TOC 7652 mg/L 17.56 mg/L 99.66% 

Cond. 14740 μS/cm 122.9 μS/cm 98.74% 

Table 4 Initial feed, final distillate, and rejection for real urine 

 

 Initial feed 

concentration (mg/L) 

Final distillate 

concentration (mg/L) 

Rejection 

Cl
-
 12403 mg/L 18.12 mg/L 99.73% 

PO4
3-

 532.7 mg/L 0.459 mg/L >99.8% 

SO4
2-

 4207 mg/L 6.990 mg/L 99.68% 

Ca
2+

 408.1 mg/L 0.210 mg/L >99.8% 

K
+
 3496 mg/L 6.098 mg/L 99.69% 

Mg
2+

 408 mg/L 0.276 mg/L 99.87% 

Na
+
 4786 mg/L 6.42 mg/L 99.74% 

NH4
+
-N not measured not measured N/A 

TOC 14357 mg/L 16.16 mg/L 99.78% 

Cond. 44587 μS/cm not measured N/A 

Table 5 Initial feed, final distillate, and rejection for synthetic urine #1 

 

 Initial feed 

concentration (mg/L) 

Final distillate 

concentration (mg/L) 

Rejection 

Cl
-
 4045 mg/L 20.79 mg/L 99.26% 

PO4
3-

 1864 mg/L 6.693 mg/L 99.48% 

SO4
2-

 1701 mg/L 8.413 mg/L 99.28% 

Ca
2+

 222.0 mg/L 1.446 mg/L 99.07% 

K
+
 1651 mg/L 8.837 mg/L 99.27% 

Mg
2+

 92.10 mg/L 0.305 mg/L >99.5% 

Na
+
 2171 mg/L not measured N/A 

NH4
+
-N not measured not measured N/A 

TOC 4998 mg/L 12.93 mg/L 99.62% 

Cond. 17323 μS/cm 164.8 μS/cm 98.61% 

Table 6 Initial feed, final distillate, and rejection for synthetic urine #2 
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 Initial feed 

concentration (mg/L) 

Final distillate 

concentration (mg/L) 

Rejection 

Cl
-
 2851 mg/L 1.73 mg/L 99.93% 

PO4
3-

 2715 mg/L 0.229 mg/L >99.9% 

SO4
2-

 1776 mg/L 2.614 mg/L 99.79% 

Ca
2+

 221.2 mg/L 0.184 mg/L 99.89% 

K
+
 1425 mg/L 0.945 mg/L 99.93% 

Mg
2+

 95.73 mg/L below detection limit N/A 

Na
+
 1935 mg/L 1.010 mg/L 99.94% 

NH4
+
-N not measured not measured N/A 

TOC 5129 mg/L 3.123 mg/L 99.91% 

Cond. 15797 μS/cm 57.57 μS/cm 99.48% 

Table 7 Initial feed, final distillate, and rejection for synthetic urine #3 

 

The urea in urine undergoes hydrolysis to form ammonium (NH4
+
) [71].  Without 

acid treatment, NH3 can form, volatilize, and transport through the MD membrane in the 

same way as the water vapor. This can be observed from the relatively low rejection 

(~93%) of ammonium nitrogen (NH4
+
-N) by the MD membrane (Table 4), as well as the 

increase in distillate pH for all four tests, shown in Figure 7. Therefore, in real 

applications it would be necessary to employ pretreatment such as acidification or a post-

treatment such as ion exchange for ammonia prior to potable consumption. 
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Figure 7 The distillate pH increases over time because of urea hydrolysis to ammonia, 

which volatilizes through the membrane. 

The distillate pH increased the slowest for synthetic urine #1, because it was 

pretreated with citric acid to an initial pH of 4.99. The real urine distillate pH increased 

the fastest, likely due to the real urine having a higher natural concentration of urease (the 

bacterial enzyme responsible for urea hydrolysis), as well as a higher initial pH of 5.78. 

Urine pH over time is shown in Figure 8. 
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Figure 8 Urine pH remained relatively steady over time, with synthetic urine #1 having 

the lowest initial pH because of a mild citric acid pretreatment. 

3.3 Effect of urine feed composition 

3.3.1 Visual MINTEQ model of changes in urine composition 

Theoretical calculation of chemical reaction equilibrium was performed using 

Visual MINTEQ to show the scaling potential during the MD process as well as to 

determine the speciation of the mineral precipitate. As shown in Figure 9, two minerals, 

hydroxyapatite (Ca5(PO4)3(OH)) and calcium oxalate (CaC2O4·H2O), are predicted to 

reach saturation during the MD treatment.  

For real urine, hydroxyapatite is predicted to be the dominant precipitate. Because 

average human urine oxalate concentrations were used for this scenario (see Section 2.5 

Chemical Speciation Modeling), as opposed to the elevated oxalate concentrations found 

in the synthetic urine recipes (see Table 3 in Section 2.1 Urine Preparation), calcium 
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oxalate is predicted to precipitate, but to a lesser degree compared to hydroxyapatite. 

Additionally, the assumed citrate concentration in the real urine was substantially lower 

than the concentration used in the synthetic urine recipes, so less citrate was available to 

form complexes with the calcium ions. As shown in Figure 10, over 90% of the calcium 

precipitated out, while less than 5% formed complexes with citrate. 

 

Figure 9 Solids precipitation predicted by Visual MINTEQ for the real urine and three 

synthetic urine recipes include hydroxyapatite (Ca5(PO4)3(OH)) and calcium oxalate 

(CaC2O4·H2O) 

The synthetic urine #1 recipe contained a lower phosphate concentration, but a 

much higher oxalate concentration compared to the real augmented human urine. 

Additionally, this recipe was prepared without any flush water dilution. A high level of 

calcium oxalate precipitation was predicted, with no hydroxyapatite precipitation, 

presumably due to the low phosphate concentration. As shown in Figure 10, essentially 
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all of the oxalate and 25% of the calcium were predicted to precipitate out. As the urine 

becomes more concentrated, the amount of calcium precipitate was predicted to remain 

constant because all the oxalate is already precipitated, and the phosphate concentration 

is low enough that the aqueous Ca
2+

 ions form complexes with citrate, as seen by the 

increase in percentage of calcium in citrate complexes. 

 

Figure 10 Percent precipitated or in certain species for calcium, oxalate, and phosphate 

For synthetic urine #2, the phosphate was increased to typical human urine 

concentrations of ~1900 mg/L, and flush water dilution factors were applied. Virtually all 

of the oxalate was predicted to precipitate out, and hydroxyapatite was predicted to 

precipitate at about the same rate as calcium oxalate (see Figure 9), leading to an increase 

in percent Ca
2+

 precipitated from 20% to 75%. On the other hand, the percent of Ca
2+

 

predicted to complex with citrate decreased from 40% to 20%. 
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For the experiment with synthetic urine #3, the phosphate concentration was 

increased to that reported for space flight (~2700 mg/L), and the oxalate concentration 

was decreased to the upper end of the range given in Putnam [55] (24.0 mg/L), in order to 

more closely simulate the augmented real urine test. Flush water dilution factors were 

also applied. However, unlike the augmented real urine test, citrate concentrations were 

maintained at the same concentrations as for the other synthetic urine test. With these 

modifications, hydroxyapatite precipitation was predicted to exceed calcium oxalate 

precipitation, though >90% of the oxalate still precipitated out. Calcium precipitation was 

predicted to be less than for the real augmented human urine due to complexation with 

citrate. 

3.3.2 Measured change in urine composition 

Plots of feed concentration over intial concentration for various ions, 

conductivity, and TOC appear in Figure 11 through 14. For the real urine, ammonium 

nitrogen is concentrated to a greater extent than other constituents due to urea hydrolysis, 

and phosphate and calcium are both concentrated to a lesser extent due to calcium 

phosphate (predicted hydroxyapatite) precipitation and scaling. It is important to note that 

since the ICP-OES cation samples were dissolved in nitric acid, the total concentration 

was measured, both dissolved and bulk precipitated. Therefore, the low concentration rate 

of calcium (a cation) is indicative of only precipitation on the membrane. However, since 

the IC anion samples were filtered prior to analysis, a lower concentration rate, such as 

seen for phosphate, is indicative of both precipitation on the membrane and in the bulk 

feed that was filtered. 
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For synthetic urine recipe #1, both calcium and oxalate were concentrated less 

than would be expected based strictly on the urine concentration factor. This is consistent 

with the calcium oxalate precipitation predicted by the Visual MINTEQ model. For 

synthetic urine #2, oxalate again decreased substantially due to calcium oxalate 

precipitation. Interestingly, neither phosphate nor calcium decreased as much in 

concentration, though some decrease in citrate is observable. Because citrate was 

measured using ion chromatography, complexed citrate would not have been measured, 

but since calcium was measured using ICP-OES, the total calcium concentration, 

including complexed calcium would have been measured. Therefore, the results for 

synthetic urine recipe #2 are consistent with calcium-citrate complexes forming to reduce 

calcium phosphate precipitation. For synthetic urine #3, very little precipitation is 

indicated from the feed concentration graph (Figure 14), due to the combined effects of 

citrate complexation and lower initial oxalate concentration. 
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Figure 11 Change in concentration versus urine concentration factor for various ions, 

conductivity, and TOC for real urine 
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Figure 12 Change in concentration versus urine concentration factor for various ions, 

conductivity, and TOC for synthetic urine #1 

 

Figure 13 Change in concentration versus urine concentration factor for various ions, 

conductivity, and TOC for synthetic urine #2 
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Figure 14 Change in concentration versus urine concentration factor for various ions, 

conductivity, and TOC for synthetic urine #3 

3.4 Membrane scale characterization 

3.4.1 Augmented real urine test 

For the augmented real urine test, scanning electron microscopy (SEM) and 

energy dispersive spectroscopy (EDS) indicate the formation of hydroxyapatite 

(Ca5(PO4)3(OH)), brushite (CaHPO4·2H2O), and calcium oxalate (CaC2O4·xH2O) 

crystals (Figure 15). The rosette and rod structures shown in Fig 15 A and B are both 

characteristic of brushite minerals [75 76]. The very high Ca:P atomic ratio in shown by 

the EDS spectrum for Figure 15 C indicates that this mineral is calcium oxalate, which 

contains no phosphorus. Additionally, the octahedral rhomboidal morphology indicates 

the presence of calcium oxalate dihydrate (weddellite) [77]. The EDS spectrum for 

3 
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Figure 15 D shows a higher phosphorus ratio, such as would be seen for hydroxyapatite. 

Additionally, the morphology shown in the SEM image matches that observed by other 

researchers for hydroxyapatite [77, 78]. Figure 16 provides a zoomed-out view showing 

more fully the heterogeneous scaling layer on the membrane surface. 

 

Figure 15 SEM and images and EDS spectra for the augmented real urine test indicate the 

formation of hydroxyapatite, brushite, and calcium oxalate. 

 

A 

C 
D 

B 
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Figure 16 SEM image of augmented real urine membrane 

X-ray diffractometry (XRD) measurements confirm that both calcium oxalate (as 

weddellite), and calcium phosphate (as brushite) precipitated on the membrane, as shown 

in Figure 17. The uncharacterized peak at around 2θ = 17° is typical for PVDF 

membranes, such as was used in these experiments [79]. 
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Figure 17 XRD spectum for the augmented real urine test, indicating the precipitation of 

brushite and weddellite 

3.4.2 Synthetic urine #1 test 

As expected for the high concentration factor reached for the DCMD test of 

synthetic urine #1 (see Figure 6), substantial scaling occurred on the membrane, as 

evidenced by the heavy solids accumulation visible in the membrane cross-section image 

in Figure 18 A. Octahedral weddellite (calcium oxalate) is readily visible in Figure 18 C, 

confirmed by the EDS spectrum showing predominately calcium compared to other ions. 

More interesting are the crystals and spectra shown in Figure 18 D & E, which show 

relatively low calcium percentages, and relatively high sodium, chloride, magnesium, and 

potassium percentages. The Visual MINTEQ model of this synthetic urine predicted only 

calcium oxalate precipitation at the concentration factor of 11.88 reached by this DCMD 

test (see Figure 9). However, after reaching a water recovery of 98.75% (80x urine 
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concentration), the model predicts both calcium oxalate and halite (NaCl) precipitation. 

This suggests that the actual salt concentrations at the membrane surface were much 

higher than those in the bulk feed water due to concentration polarization. The hopper-

faced (hollowed-out face) cubic structure of the crystals in Figure 18 D is consistent with 

halite crystallization from supersaturated liquid [80]. This hypothesis is also supported by 

the XRD spectrum shown in Figure 19, which shows dominant peaks for calcium oxalate 

(weddellite), but also minor peaks for halite (NaCl), calcium phosphate tetrahydrate, and 

magnesium chloride. Again, the unclassified peak at around 2θ = 17° is likely due to the 

PVDF membrane [79]. 
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Figure 18 SEM images and EDS spectra for the scaled membrane from the DCMD test 

with synthetic urine #1. 
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Figure 19 XRD spectrum for the first synthetic urine test 

3.4.3 Synthetic urine #2 test 

Though some calcium phosphate precipitation was predicted for the second 

synthetic urine test (see Figure 9), the only major ion visible in the EDS spectra for this 

membrane sample is calcium (see Figure 20) which is consistent with the calcium oxalate 

precipitation predicted by the Visual MINTEQ model. Rhomboidal weddellite crystals 

are again visible, as are flat crystals characteristic of the monohydrate form of calcium 

oxalate (whewellite) [81], shown in Figure 20 A&B. Though less common than the flat or 

rhomboidal structures, needle-like morphologies are also possible for calcium oxalate 

[82], shown in Figure 22. 
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Figure 20 SEM images and EDS spectra for the scaled membrane from the DCMD test 

with synthetic urine #2. 

The XRD spectrum shown in Figure 21 for this membrane shows peaks consistent 

with weddellite (CaC2O4·2H2O) and whewellite (CaC2O4·H2O) precipitation. 
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Figure 21 XRD spectrum for the second synthetic urine test 

3.4.4 Synthetic urine #3 test 

Consistent with the low flux decline shown in Figure 6, and the steady feed 

concentration data shown in Figure 14, relatively little scale was observed on the 

membrane surface, with large swaths of the membrane surface still free of mineral 

deposits, as shown in Figure 22 A & C. This is due to the combined effects of citrate 

complexation with calcium and a lower initial oxalate concentration for this third 

synthetic urine test. Occasional large clumps of needle-like crystals were visible (Figure 

22 A & D), but otherwise only small clusters of crystals fouled the membrane surface. As 

in the second synthetic urine test, the EDS spectra for this membrane show only calcium 

ion peaks, despite the increased phosphate concentration used in the second and third 

synthetic urine recipes. The morphology of the crystals is also similar to the second 

Whewellit

e (60.0%) 
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synthetic urine test, with rhomboidal weddellite, flat whewellite, and needle-like calcium 

oxalate visible on the membrane. 

 

Figure 22 SEM images and EDS spectra for the scaled membrane from the DCMD test 

with synthetic urine #3. 

The XRD spectrum shown in Figure 23 for this membrane also shows peaks 

consistent with weddellite (CaC2O4·2H2O) and whewellite (CaC2O4·H2O) precipitation. 
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Figure 23 XRD spectrum for the third synthetic urine test 

 

Chapter 4: Conclusions 

This study has investigated the performance of both synthetic urine and real urine 

(augmented to space flight calcium, phosphate, sulfate, and organics concentrations) in 

DCMD systems. Based on the results that have been presented, the following conclusions 

can be drawn: 

 Water recoveries of 75-80% can be achieved before major observable flux 

decline. 

 Water recoveries of >90% can be achieved with >99% TOC and ion rejection. 

Whewel

lite (14.0%) 
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 Urea hydrolysis to ammonium can result in ammonia volatilization through the 

DCMD membrane when treating urine. Pre- or post-treatment would need to be 

incorporated prior to direct potable use of the product water. 

 The critical scale minerals formed in this system are calcium phosphates and 

calcium oxalates, with even small concentrations of oxalate leading to calcium 

oxalate precipitation. Therefore, it may be important to monitor and control the 

oxalate concentration in urine to prevent scale formation. Low-oxalate diets may 

be beneficial. 

 High citrate concentrations can effectively form complexes with calcium ions to 

reduce scaling. For the third synthetic urine recipe, with a space-flight 

concentration of phosphate and average human urine oxalate concentration, but 

elevated citrate concentration, minimal scale was observed on the membrane, 

compared to the real augmented human urine test, which had similar phosphate 

and oxalate concentrations, but lower citrate concentration, and demonstrated 

widespread membrane scaling. 

 At high recovery rates, concentration polarization at the membrane surface 

resulted in precipitation of salts such as halite, indicating high localized 

concentration factors. 

 Membrane distillation is a promising alternative for processing urine-based 

wastewaters on long-term space missions, especially if citrate pretreatment is 

used.  
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