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Aquaporin-Based Membranes in Forward Osmosis: !

Removal of Trace Organic Contaminants and Water
Recovery from Urine
Introduction:
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•
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Trace organic contaminants are becoming an increasing concern for the preservation of clean water sources [1-4]
Conventional water purification strategies such as reverse osmosis (RO) have several disadvantages (e.g.
membrane fouling, high costs etc.) [5,6]
Forward osmosis (FO) is a promising key strategy for energy efficient water purification
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A draw solution, that creates an osmotic gradient, can be engineered to be recovered in a secondary step (e.g.
ammonium bicarbonate) [6-8]
Main challenges for FO membranes: high trace organic rejection and sufficient water permeability [6]
Novel aquaporin-based membranes are promising candidates to be used in FO
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▲ The basic principle of forward osmosis

Aquaporin-based membranes (ABMs):
•
•
•
•
•

Aquaporins are trans-membrane proteins that can be found in all domains of life [9]
Some aquaporins are exclusively permeable to water [10-12]
Ions are rejected from permeating through the aquaporin by an electrostatic barrier and a narrow constriction
(2.8 Å) inside the channel’s pore [10,13,14]
3 × 109 water molecules per second can permeate through a single aquaporin subunit [14,15]
Aquaporin-Z from E.coli has successfully been embedded into artificial membranes [16,17]

▲ Illustration of an aquaporin protein [18]

▲ The manufacturing process of an aquaporin-based membrane [17]

Experimental:
•
•
•
•
•

A 0.6 m2 hollow fibre ABM module (Aquaporin InsideTM membrane) was tested for its rejection of three
common trace organic contaminants: 2,4-D, BPA & methyl paraben
Feed solution concentrations of 1 mg/L and 10 mg/L were tested
A 1 molar NaCl draw solution was used in all experiments
The initial volume of feed and draw solution was 10 L in each experiment
High Pressure Liquid Chromatography (HPLC) with a detection limit of 0.01 mg/L was used as the
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▲ (a) Schematic overview of the FO setup and (b) an image of the membrane module used in this study
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Results:
• High rejection rates could be achieved in all
experiments
• Methyl paraben was the only contaminant that
could be measured in the final draw solution
• BPA and methyl paraben adsorbed on the
membrane during the experiment and were
flushed out in subsequent experiments
▲ Structural chemical properties of the three compounds tested!
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▲ Average membrane rejection rates for 2,4-D, BPA and methyl paraben

▲ Average decrease of feed volume over
time for the three contaminants tested

Outlook:
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Since the results described above show that relatively small molecules could be rejected, it is likely that a
variety of waste streams can be processed by FO using ABMs
ABMs may be suitable to be used for urine filtration due to their high water permeability and solute
rejection characteristics
Light-weight and portable FO-systems with ABMs are conceivable to be used to recover water from urine
into a drinkable sugar draw solution to reduce the urine’s weight and volume
Possible application fields: Space stations and space travel, long-term explorations of remote locations
with limited access to drinking water etc.
Current focus of study: Development of a light-weight forward osmosis system that can be used during
long-term cave exploration where waste products such as urine have to be dealt with
Challenges to be addressed: Identify optimum volume to concentration ratio of the draw solution to achieve
the highest possible volume reduction of the urine stream while limiting the amount of draw solute that has
to be brought into the cave; Maximize the membrane’s rejection capabilities of the urine’s solutes such as
urea; Develop an energy efficient or energy neutral pumping mechanism of the final system
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▲ Possible design of a FO system for urine filtration

Background image taken from: http://az616578.vo.msecnd.net/files/2017/02/25/6362363750940822312108221821_eau.jpg

References:
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]

K.K. Barnes, D.W. Kolpin, E.T. Furlong, S.D. Zaugg, M.T. Meyer, L.B. Barber, A national reconnaissance of pharmaceuticals and other organic wastewater contaminants in the United States - I) Groundwater, Sci. Total Environ. (2008) 192-200
M.J. Focazio, D.W. Kolpin, K.K. Barnes, E.T. Furlong, M.T. Meyer, S.D. Zaugg, L.B. Barber, M.E. Thurman, A national reconnaissance of pharmaceuticals and other organic wastewater contaminants in the United States - II) Untreated
drinking water sources, Sci. Total Environ.(2008) 201-216.
S. Maggioni, P. Balaguer, C. Chiozzotto, E. Benfenati, Screening of endocrine-disrupting phenols, herbicides, steroid estrogens, and estrogenicity in drinking water from the waterworks of 35 Italian cities and from PET-bottled mineral water,
Environ. Sci. Pollut. Res. 20 (2013) 1649-1660.
D.B. Donald, A.J. Cessna, E. Sverko, N.E. Glozier, Pesticides in surface drinking-water supplies of the Northern Grate Plains, Environ. Health Perspect. 115 (8) (2007) 1183-1191.
S.S. Sablani, M.F.A. Goosen, R. Al-Belushi, M. Wilf, Concentration polarization in ultrafiltration and reverse osmosis: a critical review, Desalination 141 (2001) 269-289.
H.T. Madsen, N. Bajraktari, C. Hélix-Nielsen, B. Van der Bruggen, E.G. Søgaard, Use of biomimetic forward osmosis membrane for trace organics removal, J. Memb. Sci. 476 (2015) 469-474.
J.R. McCutcheon, R.L. McGinnis, M. Elimelech, A novel ammonia-carbon dioxide forward (direct) osmosis desalination process, Desalination 174 (2005) 1-11.
M. Maneechan, P. Punyapalakul, A. Wongrueng, Utilization of ammonium bicarbonate as draw solution in forward osmosis process: a case study of cooling water reuse, AEBS-2014, April 24-25 (2014) Phuket, Thailand.
G. Benga, Water channel proteins (later called aquaporins) and relatives: past, present, and future, IUBMB Life, 61 (2) (2009) 112-133.
J.S. Hub, H. Grubmüller, B.L. de Groot, Dynamics and energetics of permeation through aquaporins. what do we learn from molecular dynamics simulations?, in: E. Beitz (Ed.), Aquaporins, handbook of pharmacology 190, Springer-Verlag
Berlin Heidelberg, 2009, pp. 57-76.

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

J.M. Carbrey, P. Agre, Discovery of the aquaporins and development of the field, in: E. Beitz (Ed.), Aquaporins, handbook of pharmacology 190, Springer-Verlag Berlin Heidelberg, 2009, pp. 3-28.
G. Calamita, The Escherichia coli aquaporin-Z water channel, Mol. Microbiol. 37 (2) (2000) 254-262.
T. Wspalz, Y. Fujiyoshi, A. Engel, The AQP structure and functional implications, in: E. Beitz (Ed.), Aquaporins, handbook of pharmacology 190, Springer-Verlag Berlin Heidelberg, 2009, pp. 31-56.
M.L. Zeidel, S. Nielsen, B.L. Smith, S.V. Ambudkar, A.B. Maunsbach, P. Agre, Ultrastructure, pharmacological inhibition, and transport selectivity of aquaporin channel-forming integral protein in proteoliposomes, Biochemistry 33 (1994)
1606-1615.
M.L. Zeidel, S.V. Ambudkar, B.L. Smith, P. Agre, Reconstitution of functional water channels in liposomes containing purified red cell CHIP28 protein, Biochemistry 31 (1992) 7436-7440.
H. Wang, T.S. Chung, Y.W. Tong, K. Jeyaseelan, A. Armugam, Z. Chen, M. Hong, W. Meier, Highly permeable and selective pore-spanning biomimetic membrane embedded with aquaporin Z, Small 8 (13) (2012) 1185-1190.
Y. Zhao, C. Qiu, X. Li, A. Vararattanavech, W. Shen, J. Torres, C. Hélix-Nielsen, R.Wang, X. Hu, A.G. Fane, C.Y. Tang, Synthesis of robust and high-performance aquaporin-based biomimetic membranes by interfacial polymerizationmembrane preparation and RO performance characterization, J. Memb. Sci. 423-424 (2012) 442-428.
R.J. Brooker, E.P. Widmaier, L.E. Graham, P.D. Stiling, Biology, third edition, McCraw-Hill, 2014, pp. 106-108.
M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Comparison of the removal of hydrophobic trace organic contaminants by forward osmosis and reverse osmosis, Water Res. 46 (2012) 2683-2692.

