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Improvements in water reclamation techniques are becoming increasingly popular due to 

freshwater insufficiency, contamination of water sources, and poor maintenance of water 
supplies. Since water scarcity represents a problem for people on earth, it will pose a problem 
for space exploration missions. In the direction of creating a more cost-effective reclamation 
system, Pressure Retarded Osmosis (PRO) can be used to reclaim water and generate 
renewable osmotic power. Lyotropic liquid crystals (LLC) were incorporated in the 
membranes active layer and evaluated for PRO applications. In this work, two parameters 
were compared, membrane thicknesses of 100 µm and 120 µm and membranes with and 
without LLC active layer modification. Atomic force microscopy showed an increment in 
surface roughness as modification took place, implying higher porosity. Modified membranes 
using LLC with a thickness of 120 µm membrane had the best results overall with a water flux 
of 10.2 LMH and 9.4 LMH using urea and nano pure water as feed, respectively. The modified 
membranes also present excellent urea rejection above 90% compared to their unmodified 
counterparts. 

 
 
 

Nomenclature 
 

Am = membrane area 
AFM   =  atomic force microscopy 
Bar  =  unit of hydraulic pressure  
Ct  =  salt concentration 
Curea =  initial feed TOC concentration 
CDSf = final draw solution TOC concentration  
DSPC =  distearoylphosphatidylcholine 
FO =  forward osmosis 
GMH =  grams per square Meter per Hour (Gꞏm−2ꞏh−1)  
Jw =  water flux 
Js =  reverse salt flux 
LLC =  Lyotropic Liquid Crystal 
LMH =  liters per square Meter per Hour (Lꞏm−2ꞏh−1)  
MO =  monoolein 
MoDs =  monoolein and distearoylphosphatidylcholine in a LLC mixture  
MgCl2 =  magnesium chloride 
MΩꞏcm2 =  megaohm per centimeter squared  
Np =  nano-pure water 
NaCl = sodium chloride  
NASA = National Aeronautics and Space Administration 
OA =  osmotic agent  
PAN = polyacrylonitrile 
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Pd =  applied pressure to the draw solution 
PEI =  polyethyleneimine 
PSS =  polystyrene sulfonate 
 ppm =  parts per million 
PRO =  pressure retarded osmosis 
RISE  =  Research Initiative for Scientific Enhancement  
SupP-  =  un-modified PAN membrane 
SupPACMoDS   = LLC modified PAN membrane 
t =  time 
TOC =  total organic carbon 
UV =  ultraviolet radiation 
Vt = feed volume 
W =  power density 
W/m2 = watts per squared meters 
 w/v % = weight by volume percent 
πd =  osmotic pressure in draw solution 
Δπ =  change in osmotic pressure 
ΔP =  applied pressure 

 
 

I. Introduction 
LIMATE change, population growth, pollution, and water scarcity are some of the dangers that threaten earth 
and must be treated with great urgency worldwide. Water and energy are mutually dependent resources, but the 

water demand for energy production industries is higher than available.1 In the interest of more sustainable ways of 
producing energy, water reclamation was determined to be a better solution than desalination from greenhouse gas 
emissions and energy cost perspectives.2 The use of next-generation membrane systems for water purification and 
energy production has increased significantly. Forward Osmosis (FO) and Pressure Retarded Osmosis (PRO) are 
some of the technologies that have taken recognition due to their water reclamation efficiency.3 Mainly, they tend to 
serve as advanced wastewater treatment, focusing on resource reusability and clean energy generation. 

Osmosis is a natural diffusion process with no external application of pressure. Here, the water is transported through 
a semipermeable membrane by the induced pressure (osmotic pressure) generated by an osmotic gradient.4 
Semipermeable membranes can be modified to address specific problems such as fouling, contaminant degradation, 
and retention to reject the salts in the osmotic agent (OA). The higher the rejection of these unwanted elements and 
the minimum tendency of membrane fouling or energy use, will help determine the membranes' productivity.4 The 
osmotic pressure is produced in the draw solution; this induces the water to pass through the semipermeable 
membrane while producing a water flux with the least possible reverse flux. The intent is to obtain a membrane-based 
process that is cost-effective and limits energy consumption in the production of clean water. 

In power generation, many techniques are used to generate electricity by harnessing salinity gradients; some are 
batteries, supercapacitor flow cells, and reverse osmotic microbial fuel cells.5 Recently, Pressure Retarded Osmosis 
(PRO) has taken a new liking in this area. This technology focuses on the production of sustainable energy by 
mixing fresh and high salinity water. The basis of PRO is that the volume expansion in the draw solution when 
encountered with the membrane is restricted, which increases the hydraulic pressure of the draw solution supply. The 
resulting pressurized water flow is used to generate power. Still, the pressure that is applied must not surpass the 
osmotic pressure generated by the draw solution. 

PRO mitigates the problem of employing high energy-consuming systems by removing high-salinity brine, 
promoting water treatment systems that are less energy-dependent and more sustainable. Progress on an integral 
understanding of mass transports during osmotically driven processes and the design of various high-performance 
PRO membranes has increased in recent years. New aspects are being explored for PRO processes and applications. 

 

C 
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II. Background 
 

In recent years biomimetic membranes have become increasingly prominent due to their higher water flux, solute 
rejection, and environmental sustainability compared to available commercial membranes.6-7 Biomimetic membranes 
that are coupled with proteins can reinforce the behavior, physical, and chemical properties of the material. Still, these 
reinforcements depend on where the protein is located and the interactions that occur within. Some of the bio- 
mimicking technologies employed at present for water purification applications are liposomes, proteoliposomes, and 
supported lipid bilayers. 8-9 Lipids and polymers are the main components of the biomimicking techniques mentioned 
above. These cannot inherently form water channels and, therefore, need to incorporate a water channel-forming 
additive; proteins are typically used. Nonlamellar lyotropic liquid crystals (LLC) are a unique approach for membrane 
surface modification. LLCs are nano-compartmentalized biomaterials with the ability to selectively self-assemble in 
aqueous media. They create organized nanosized pores which are readily modifiable depending on lipid composition. 
These materials can self-assemble into various geometries such as two/three-dimension form, hexagonal or 
bicontinuous cubic.10-12 

Regarding water purification applications, the use of LLCs is innovative since these are usually used only for 
protein crystallization and drug delivery applications. Our interest lies in taking advantage of the 
compartmentalization and confinement provided by the water channels in LLCs. LLC can be used as the membrane 
selective-active layer and become an asset when dealing with problems associated with membrane-based processes 
such as small contaminant rejection and fouling. Regarding small molecule rejection, 81% of the water in space is 
obtained from urine.13 Urea concentration in urine readily permeates membranes and interferes with water 
remediation processes by promoting fouling. Membranes prepared in this work will serve as a precursor for enzyme-
integrated LLC membranes. Soon, the intent is to add urease enzyme into the LLC. These membranes will be specific 
for urea degradation. Therefore, herein we explored the performance of LLC modified membranes in terms of water 
flux, urea rejection, and energy production when exposed to a PRO system. This experimental work aims to provide 
insight into PRO membrane design, PRO performance, and sustainability for independent energy systems. 

 
 
 

III. Methods 
 

A. Membrane preparation and modification 
Polyacrylonitrile (PAN) based membrane was 

prepared, variating polymer thicknesses, 100 µm, and 
120 µm seen in Figure 1A (SupP). To adhere the LLC 
to the active side, an un-modified PAN membrane 
SupP) is used. The SupP was modified with NaOH 1.5 
M, PEI 1%, and PSS 1%. The lipid mixture contains a 
certain amount of MO: DSPC (MoDs). For the 
photopolymerization process, the membrane and 
monomer were placed in between mylar sheets and 
fixed between two heat-conducting glass plates and 
aluminum which were then placed on an enclosed 
spaced at 65 °C while being irradiated UV light at 365 
nm for 30min. Membranes following this surface 
modification tend to obtain a darker color and are 
labeled as SupPACMoDS, as seen in Figure 1B. 

 

 
Figure 1. Images of surface modification color 

change once PAN membrane surface is modified. A) 
non-modified PAN (SupP), B) modified surface PAN 

that is used to adhere the LLC to the active side 
(SupPACMoDS). 
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B. PRO Performance evaluation 
The SupPACMoDS membranes performance was tested 

using an in-house PRO system (Figure 2) with nano-pure water 
(18 MΩꞏcm2) and urea solution (1% w/v) samples as the feed. 
The osmotic agent used was MgCl2 5% w/v. The membrane-
active area was 4.25 cm2. To evaluate the performance of the 
membrane, the water flux rate from the feed to the draw solution 
side is given by: 

 

𝐽𝐽w = 𝐴𝐴w(𝛥𝛥𝛥𝛥 - 𝛥𝛥𝛥𝛥) (1) 

where Jw is the water flux rate in LMH/bar (Lꞏm−2ꞏh−1), ΔΠ is 
the osmotic pressure across the membrane; Aw is the water 
permeability, ΔP is the hydraulic pressure. 

The reverse salt flux was obtained using the following 
equation: 

𝐽𝐽𝑠𝑠 = ∆(𝐶𝐶𝑡𝑡𝑉𝑉𝑡𝑡) 

𝐴𝐴𝑚𝑚𝑡𝑡 
(2) 

 

where Js is the reverse salt flux in GMH (gꞏm−2ꞏh−1), Ct, and 
Vt are the salt concentration and the feed volume at the end of 
the PRO tests, respectively. 

 
 
 

Total organic carbon content was also determined using a 
TOC from Shimadzu model TOC-LCCH (combustion catalytic oxidation method) to determine the rejection % for 
urea. 

 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅 % = 

Curea-CDS f 𝑥𝑥 100 (3) 
Curea 

 
where Curea is the initial TOC concentration (ppm) of the feed solution and CDSf is the final TOC concentration 

(ppm) of the draw solution. 
 

C. Power Density Assessment 
The power density of the membrane is determined by: 

 
𝑊𝑊 = 𝐽𝐽w𝛥𝛥D = 𝐴𝐴(𝛥𝛥D - 𝛥𝛥D)𝛥𝛥D (4) 

 
where W is the power density in W/m2, Jw is the water flux rate in LMH/bar (Lꞏm−2ꞏh−1), 𝛥𝛥 𝑑𝑑 Is the osmotic 

pressure from the draw solution, A is the water permeability, PD is the hydraulic pressure from the draw side. 
All membranes were evaluated in triplicates, using three membranes at n = 9 under room temperature conditions 

for 60 min. 
 

IV. Results 
A. Membrane Morphological Analysis 

In determining the surface morphology, atomic force microscopy (AFM) was used because of its versatility as a 
technique. Four membranes (non-modified and modified) were evaluated and presented in a 3d image for better 
topographic and morphological visualization and comparison. The membranes presented in Figure 3A and 3B are 
SupP and SupPACMoDS with a 100 μm thickness. As shown in Figure 3A, the approximate surface height is 41.3 
nm, while the modified surface in Figure 3B increases to 92.5 nm. Also, the modified membrane (Figure 3B) exhibits 
higher roughness, which has been correlated to membrane porosity. The same behavior was observed with SupP and 
SupPACMoDS with a 120 μm thickness. As mentioned, rugosity can be correlated to porosity. Both membranes have 
visible hills and valleys; the valleys correlate with an increment in porosity. This increment should represent a positive 
water flux behavior for modified membranes. 

 
Figure 2. Diagram of laboratory-scale 

PRO system 

Feed OA
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B. PRO Membrane Performance 
After studying the morphological changes of the membranes, we proceeded to analyze their PRO performance. This 

evaluation was done using Np water as feed and MgCl2 5% w/v as an osmotic agent. Membranes with a thickness of 
120 µm have the highest water flux, around 9.5 LMH, with no considerable deviation between runs. Membranes with 
a thickness of 100 µm present decreased water flux, from 8.6 LMH to 8.2 LMH, once the membrane is modified. The 
flux decreased by 0.4 LMH. The slight deviation between membranes can be attributed to the pore arrangement of the 
polymer and not of the LLC. Previous results indicate that the higher water flux related to SupPACMoDS 120 µm is 
linked to higher pore distribution and size. Reverse salt flux is lowest for SupPACMoDS 100 µm; smaller pore size 
and lower water flux promote lower salt back diffusion. As previously observed in AFM, the higher roughness and 
porosity brought by the LLC's addition in the active layer leads the 120 µm membranes to improved water flux and 
improved capacity to prevent salts from permeating the membrane. 

 
          Figure 3. AFM images of modified and non-modified membranes. A) SupP 100, B) 

SupPACMoDS 100, C) SupP 120, and D) SupPACMoDS 120. 
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Figure 4. Water flux and salt back flux for PAN-based membranes with and without LLC 
modification using NP water as feed. Results are with an n=9. 

 
 

Future works with the assessed membranes rely on using them to separate water from urine while degrading urea. 
Therefore, assessment needs to be done to determine the membrane's ability to prevent urea permeation and still serve 
separation purposes. Consequently, the PRO performance assessment was repeated but with Urea 1% w/v as feed and 
MgCl2 5% w/v as an osmotic agent; results are presented in Figure 5. Compared to water fluxes obtained, a water flux 
increase is seen for both 120 µm membranes and SupPACMoDS 100 µm, yet not for SupP. Urea is known to cause 
hyperosmolarity which can explain the increment in flux when the feed solution is changed. In SupP, the obtained 
water flux 7 LMH also presents a somewhat more significant deviation between runs. Thickness may interfere with 
water permeation when the feed contains organic molecules, and future assessment could determine this behavior. 

SupPACMoDS 100 µm resulted in an increased flux of 9 LMH and a decreased deviation between runs indicating 
that surface modification is favored in this application. Preparing membranes with a thickness of 120 µm promotes 
higher water flux, both around 10.2 LMH, and provides less variability of water flux between runs. Salt back flux 
results indicate that the modified membranes are slightly better at preventing salt permeation because of the lower 
deviations between runs. Nonetheless, all have low salt-back flux values that dictate the feasibility of these membranes 
in PRO and other osmosis applications, especially compared to when NP water is used as feed. In a modified 
membrane, there lower reverse salt flux values ~0.005 GMH because residual ionic polymers used to modify the 
membrane are entering the feed solution, therefore, giving a false indication of salts permeating (only seen in this 
batch of membranes). 
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Figure 5. Water flux and Salt back flux for PAN-based membranes with and without LLC 
modification using Urea 1% as feed. Results are with an n=9. 

 
 

C. Urea Rejection 
Since urea is a small molecule that 

quickly permeates membranes, TOC 
measurements of the OA were done to 
determine the membrane's capacity to 
reject the permeation of urea (Figure 
6). Membranes modified with LLC 
present better urea rejection. 
SupPACMoDS 100 µm rejects 95% of 
urea and has moderately higher 
rejection than SupPACMoDS 120 µm, 
which rejects 94%. It is understood 
that the smaller pores created by the 
LLC also influence urea's ability to 
permeate the membrane. Non- 
modified membranes have a moderate 
performance in terms of rejection. For 
100 µm, the rejection is 75%, whereas, 
in 120 µm, rejection is 74%. For non-
modified membranes, urea permeation 
is dependent on polymer material and 
pore arrangement. These factors can 

                affect membrane selectivity in terms  
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Figure 6. Urea rejection assessment for modified and 
non-modified membranes. Results are with an n=9. 
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of permeation. Less salt permeates the active layer's hydrophobicity, which permits the free flow of the urea through 
the membrane interface. 

 
D. Power Density Results 

PRO is known for its clean energy production; the power density was calculated to determine these membranes' 
usability in a sustainable system. Results for power density are seen in Table 1. 100 µm membranes have no specific 
pattern in power density production. When NP water feed solution is used, the power density decrease after 
membranes is modified with LLC. It was determined that the water flux value directly influences these results. When 
using NP water, there is a slight decrease in flux related to the pore size. An improvement in power density is observed 
when modification takes place. 

In contrast, a 120 µm thickness provides a more consistent pattern. Modified LLC membranes with 120 µm show 
better suitability in power density production in both types of feed solutions. Results indicate that those membranes 
perform better than the cellulose acetate previously published by Skilhagen and Gerstandt.14-15 When urea is used as 
feed, there is a moderate boost in power density. This slight value increment between feeds implies that greater power 
density can be obtained with the feed solution's heterogenicity.16 

 
 

Table 1. Power density comparison results for modified membranes variating feed solution. Results are 
with an n=9. 

 
 Power Density 

Membrane NP water (W/m2) Urea 1% (W/m2) 
SupP 100 µm 2.5 ± 0.1 2.1 ± 0.4 
SupP120 µm 2.728 ± 0.001 2.902 ± 0.001 

SupPACMoDS 100 µm 2.4 ± 0.3 2.6 ± 0.1 
SupPACMoDS 120 µm 2.844 ± 0.001 2.96 ± 0.01 

 

V. Conclusion 
LLC membranes evaluated in this work exhibit potential for pressure retarded osmosis applications. We 

established that membranes with a thickness of 120 µm membranes have good water flux, favorable reverse salt flux, 
and excellent urea rejection. It can be concluded that surface modification improves membrane performance in a PRO 
system by 20%. Moreover, further optimization needs to be done to increase membrane power output to at least ~ 4.5 
W/m2, the minimum power density for PRO intended membranes of comparable size. Since these membranes were 
previously assessed through FO with satisfactory results, evaluating the coupling of the systems will be helpful to 
understand the viability of these membranes further to obtain relative sustainability in an isolated system. Moreover, 
coupling FO-PRO as two-step systems will be beneficial for further understanding of fouling assessment evaluations 
and in the evaluation and promotion of cost-effectiveness and energy efficiency. 

Nonetheless, there is still a long way to go for PRO membranes in general. Scaling-up will be needed to determine 
membrane performance and system efficiency at an "industrial" scale for this to occur. However, there is still great 
potential for the PRO process. Also, there is much space for improvement and flexibility, continuing to produce 
feasible and reliable prototypes. 
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