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FORWARD OSMOSIS PROCESS 

CLAIM FOR PRIORITY 

[0001] This application claims priority to US. Patent 
Application No. 61/653,942, ?led May 31, 2012, Which is 
hereby incorporated by reference in its entirety. 

TECHNICAL FIELD 

[0002] This invention relates to a forward osmosis system 
and process. 

BACKGROUND OF THE INVENTION 

[0003] Reduced internal concentration polariZation and 
enhanced membrane performance can be important to 
increasing the e?iciency and economics of forWard osmosis 
processes. 

SUMMARY 

[0004] A forWard osmosis system can alleviate internal 
concentration polarization and enhance membrane perfor 
mance by applying an external force to a ?uid on the feed side. 

[0005] In one aspect, a forWard osmosis ?uid puri?cation 
system Which alleviates internal concentration polariZation 
and enhances membrane performance includes a membrane 
module including a membrane; a feed side con?gured to 
contain a solution consisting of unpuri?ed solvent; a pressure 
control system on the feed side capable of generating and 
applying an external pressure to a ?uid on the feed side; and 
a draW side including a draW solute. In a further aspect, the 
pressure control system can include a pump on the feed side 
or a valve on the feed side. The membrane includes an active 
layer and a support layer, Where the active layer is oriented so 
that it faces the draW side. 
[0006] In another aspect, a process includes the steps of 
passing a ?uid in a forWard osmosis system from a feed 
solution With a ?rst osmotic pressure, through a membrane 
into a draW solution having a draW solute With a second 
osmotic pressure, Where the ?rst osmotic pressure is loWer 
than the second osmotic pressure, the membrane including an 
active layer and a support layer, and the membrane is oriented 
such that the active layer of the membrane faces a draW side, 
and the support layer faces a feed side; and applying an 
external force to the ?uid on the feed side of the membrane. In 
a further aspect, the external force applied on the feed side is 
an external pressure betWeen 0.25 bar to 20 bar, generated and 
controlled by a pressure control system. 
[0007] Other aspects, embodiments, and features Will be 
apparent from the folloWing description, the draWings, and 
the claims. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1(a) is a schematic diagram ofthe process ofa 
common forWard osmosis (FO) setup. 
[0009] FIG. 1(b) is a schematic diagram ofthe process ofa 
FO system With a pressure control system incorporated 
Within. 
[0010] FIG. 2 is an illustration of osmotic driving force 
pro?les for osmosis through thin-?lm-composite membranes 
With and Without external pressure in different orientations. 
[0011] FIG. 3 is a schematic diagram of the laboratory 
scale FO setup. 
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[0012] FIG. 4(a) is an illustration of various membranes’ 
Water ?ux at different applied pressures With 1.5 M NaCl as a 
draW solution (DS). 
[0013] FIG. 4(b) is an illustration of various membranes’ 
salt ?ux at different applied pressures With 1.5 M NaCl as a 
DS. 
[0014] FIG. 4(c) is an illustration of the Water ?ux of vari 
ous membranes’ Water ?ux at different applied pressures With 
1.0 M NaCl as a DS. 

[0015] FIG. 4(d) is an illustration of the Water ?ux of vari 
ous membranes’ salt ?ux at different applied pressures With 
1.0 M NaCl as a DS. 

[0016] FIG. 4(e) an illustration of various membranes’ 
Water ?ux at different applied pressures With 0.5 M NaCl as a 
DS. 
[0017] FIG. 4(f) an illustration of various membranes’ salt 
?ux at different applied pressures With 0.5 M NaCl as a DS. 
[0018] FIG. 4(g) an illustration of a CTA1 thin-?lm-com 
posite membrane’s salt ?ux at different applied pressures 
With deioniZed Water (DI) as the feed solution. 
[0019] FIG. 5(a) is an illustration of the A factor of the 
pressure facilitated FO test With DI as the feed solution and 
1.5 M NaCl as DS. 
[0020] FIG. 5(b) is an illustration of the A factor of the 
pressure facilitated FO test With DI as the feed solution and 
1.0 M NaCl as DS. 
[0021] FIG. 5(c) is an illustration of the A factor of the 
pressure facilitated FO test With DI as the feed solution and 
0.5 M NaCl as DS. 
[0022] FIG. 6(a) is an illustration of Water ?ux of a pressure 
facilitated FO test With 2000 ppm NaCl as feed solution, 
Where the DS is 1.5 M NaCl. 
[0023] FIG. 6(b) is an illustration of the A factor of the 
pressure facilitated FO test With 2000 ppm NaCl as the feed 
solution, Where the DS is 1.5 M NaCl. 
[0024] FIG. 7(a) is an illustration of Water ?ux in a pressure 
facilitated FO test using a RO1 membrane With 0.5 M NaCl as 
feed solution, Where the DS is 1.5 M NaCl. 
[0025] FIG. 7(b) is an illustration of the A factor in a pres 
sure facilitated FO test using a RO1 membrane With 0.5 M 
NaCl as feed solution, Where the DS is 1.5 M NaCl. 

DETAILED DESCRIPTION OF THE INVENTION 

[0026] Forward osmosis (PO) is a process utiliZing the 
osmotic pressure difference generated by concentration dif 
ference as the driving force, to get solvent from a less con 
centrated solution to a greater concentrated one through a 
semi-permeable membrane. Related research dates back to 
1960s, and several prototype ideas Were proposed in that 
decade: NH4HCO3 or (NH4)2CO3 based seaWater desalina 
tion, WasteWater concentration, life emergence bag, fertilizer 
based desalination, and pressure retarded osmosis to generate 
poWer. HoWever, feW prototypes Were carried out commer 
cially because of the loW performance of membrane, except 
for the life emergence bag by Hydration Technology Innova 
tions (HTI) With their patented ?rst commercial FO mem 
brane in 1997. (See R. A. Neff, Potable Water by solvent 
extraction, US. Pat. No. 3,130,156 (1964); G. W. Batchelder, 
DemineraliZation of Water, US. Pat. No. 3,171,799 (1965); 
D. N. GleW, Process for liquid recovery and solution concen 
tration, US. Pat. No. 3,216,930 (1965); Desalination of sea 
Water, FR2102763 (1972); D. K. Anderson, Concentration of 
dilute industrial wastes by Direct osmosis, University of 
Rhode Island, 1977; R. E. Kravath, J. A. Davis, Desalination 
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of Sea-Water by Direct Osmosis, Desalination, 16 (1975) 
151-155; J. O. Kessler, C. D. Moody, Reclamation ofbrackish 
waters for irrigation: optimization of process parameters for 
fertilizer-driven osmosis, Univ. Arizona, 1977, pp. 56; S. 
Loeb, Production of Energy from Concentrated Brines by 
Pressure-Retarded Osmosis. 1. Preliminary Technical and 
Economic Correlations, Journal of Membrane Science, 1 
(1976) 49-63; S. Loeb, et al., Production ofEnergy from 
Concentrated Brines by Pressure-Retarded Osmosis. 2. 
Experimental Results and Projected Energy Costs, Journal of 
Membrane Science, 1 (1976) 249-269; E. G. Beaudry, J. R. 
Herron, Asymmetric supported hydrophilic membrane for 
direct osmotic concentration (DOC) and its casting, 
WO9733681A1 (1997), each of Which is incorporated by 
reference in its entirety.) 

[0027] Compared With reverse osmosis (RO), FO requires 
little energy input and alloWs high Water recovery. (See R. L. 
McGinnis, M. Elimelech, Energy requirements of ammonia 
carbon dioxide forward osmosis desalination, Desalination, 
207 (2007) 370-382; C. R. Martinetti, et al., High recovery of 
concentrated RO brines using forward osmosis and mem 
brane distillation, Journal of Membrane Science, 331 (2009) 
31-39, each of Which is incorporated by reference in its 
entirety.) Due to today’s energy crisis, FO has once more 
come into focus in the past feW years because it is vieWed as 
a possible alternative to the energy-intensive hydraulic pres 
sure driven process. Many developments have been made 
either in the novel membrane design or application ?elds. 
(See T. Y. Cath, et al., Forward osmosis: Principles, applica 
tions, and recent developments, Journal of Membrane Sci 
ence, 281 (2006) 70-87; N. Y. Yip, et al., High Performance 
T hin-Film Composite Forward Osmosis Membrane, Environ 
mental Science & Technology, 44 (2010) 3812-3818; J. T. 
Arena, et al., Surface modification of thin film composite 
membrane support layers with polydopamine: Enabling use 
of reverse osmosis membranes in pressure retarded osmosis, 
Journal of Membrane Science, 375 (2011) 55-62; N.-N. Bui, 
et al., Electrospun nano?ber supported thin film composite 
membranesfor engineered osmosis, J. Membr. Sci., 385-386 
(2011) 10-19; R. Wang, et al., Characterization of novel 
forward osmosis hollow fiber membranes, Journal of Mem 
brane Science, 355 (2010) 158-167; X. X. Song, et al., Nano 
Gives the Answer: Breaking the Bottleneck of Internal Con 
centration Polarization with a Nano?ber Composite Forward 
Osmosis Membrane for a High Water Production Rate, Adv 
Mater, 23 (2011) 3256; K. B. Petrotos, et al., Direct osmotic 
concentration oftomato juice in tubular membrane-module 
con?guration. H. The efect ofusing clari?ed tomatojuice on 
the process performance, Journal of Membrane Science, 160 
(1999) 171-177, each of Which is incorporated by reference in 
its entirety.) 
[0028] Generally, loW Water ?ux is regarded as the main 
obstacle of commercializing FO-related applications With an 
underlying cause of internal concentration polarization (ICP) 
inside the membrane Which reduces the osmotic driving 
force. (See J. R. McCutcheon, M. Elimelech, In?uence of 
concentrative and dilutive internal concentration polariza 
tion on ?ux behavior in forward osmosis, Journal of Mem 
brane Science, 284 (2006) 237-247, incorporated by refer 
ence in its entirety). Commercial polyamide (PA)-based thin 
?lm-composite (TFC) RO membrane and cellulose acetate 
(CA)-based RO membrane are examples of severe ICP prob 
lems in F0 testing, due to the membrane structure designed to 
Withstand the high hydraulic pressure. Many groups proposed 
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different routes to solve this problem. HTl manufactured the 
only commercially available FO membranes using cellulose 
acetate based materials by reducing the membrane thickness 
to 50-100 um. (E. G. Beaudry, et al.)Yale proposed to use the 
?nger-like structure Within the support to provide a direct 
route for the solution to reach the separating layer. (N. Y. Yip, 
et al.) Jeffery made the PSF support layer hydrophilic by 
dipping it in a polydopamine solution. (J. T. Arena, et al.) 
Song and Jeffery used electrospun ?bre as support. Q(. X. 
Song, et al.; N.-N. Bui, et al.) Wang combined the ?ngerlike 
structure With holloW ?bre morphology. (R. Wang et al.) 

[0029] Prior attempts to alleviate the problem of ICP using 
a combination of PO and R0 have not yet been fully opti 
mized. Choi et al. combined PO and R0 but oriented the 
membrane so that the active layer faced the feed side of the 
FO system. (See Choi,Y J, et al., Toward a combined system 
of forward osmosis and reverse osmosis for seawater desali 
nation, Desalination, 247 (2009) pp. 239-246, incorporated 
by reference in its entirety.) 
[0030] A forWard osmosis ?uid puri?cation system and a 
process for extracting Water from WasteWater or seaWater 
While reducing ICP and enhancing membrane performance 
can be achieved based on the application of applying an 
external force, Which can be a small additional pressure, to a 
feed side containing a solution With a solute, Which acts as a 
supplemental force in addition to the driving force created by 
the osmotic pressure gradient. In other Words, the applied 
external force is similar to the force used in reverse osmosis 
that supplements the osmotic pres sure gradient force in Which 
a lesser osmotic pressure on the draW side of the membrane 
causes the Water on the feed side of the membrane With a 
greater osmotic pressure to be pulled through the membrane 
onto the draW side. 

[0031] An external force can be applied by a pressure con 
trol system. The pressure control system can be a pump on the 
feed side of the membrane, Which applies a supplemental 
force on the feed solution. The pressure control system can 
also be a valve located in a feed solution outlet channel on the 
feed side of the membrane, Which can apply a supplemental 
pressure on the feed solution. 

[0032] The applied external force can be betWeen 0.25 bar 
to 20 bar. 

[0033] The membrane orientation also affects the internal 
concentration polarization and enhances the performance of 
the membrane. A membrane can have an active layer and a 
support layer. The internal concentration polarization is 
reduced in a system Where the active layer of the membrane 
faces the draW side. 

[0034] A forWard osmosis process Where an external force 
is applied to a ?uid on the feed side of the membrane can be 
useful for seaWater desalination. As people need a continuous 
supply of fresh Water, this process can create fresh Water With 
less energy than previously developed osmosis processes. 
This process is advantageous because it saves energy as com 
pared to other seaWater desalination processes. 

[0035] Another use for the forWard osmosis process 
described here is for WasteWater treatment. This process can 
remove the Water from harmful solutes. This process is 
advantageous because it saves energy as compared to other 
processes of WasteWater treatment. 

[0036] Yet another use for the forWard osmosis system 
described here is for fruit juice concentration. This process 
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allows fruit juice to be concentrated by removal of the Water 
in the juice. This process also helps to preserve the aroma 
Without involving heat. 
[0037] As shoWn in FIG. 1(a), a common FO setup has a 
higher concentration (or higher osmotic pressure) solution, 
designated as draW solution (DS) and a loWer concentration 
(or loWer osmotic pressure) solution (designated as feed or 
feed solution) introduced by pumps from a DS inlet (101) and 
a feed inlet (102) into a membrane module (103) Which could 
be plate of the frame, spiral Wound, or holloW ?ber, Where the 
solvent, Which could be Water, diffuses from the feed solution 
to the DS. The solutions then exit the membrane module 
(103); the draW solution exits through a DS outlet (104) and 
the feed solution exits through a feed outlet (105). In a tradi 
tional embodiment, no additional pressure is applied in the 
feed, and the pressure difference betWeen the DS and the feed 
is less than 0.2 bar. In another embodiment, for a pressure 
retarded FO process, additional pressure is applied on the DS 
side to push a turbine to generate poWer With no additional 
pressure on the feed side. 
[0038] In one aspect, a possible method to alleviate the ICP 
in F0 applications is to apply an external pressure in the feed 
side to generate an extra Water ?ux. As shoWn in FIG. 1(b), by 
incorporating a pressure control system (106), Which couldbe 
a valve, the pressure on the feed side can be adjusted. The 
range of pressure that can be applied is from 0.25 bar to 20 
bar, preferably from 0.5 bar to 18 bar, or from 1 bar to 12 bar. 
For example, the applied pressure can be from 1 bar to 10 bar. 
By applying a higher pressure on the feed side, e.g. 0.25 bar 
to 20 bar, the thin-?lm-composite membranes’ performance 
can be enhanced more than 10 times With the active layer 
facing the DS. The membrane module (1 03) could be the plate 
of the frame, spiral Wound, or holloW ?ber. The membrane 
type is a thin ?lm composite membrane, Which has an active 
layer on top of a porous support With or Without a backing 
layer. 
[0039] As shoWn in FIG. 2, the solid line represents the 
osmotic pressure pro?le at steady stage Without external pres 
sure. Water ?ux occurs due to osmotic pressure, but also 
occurs When an external pressure is applied to the ?uid in the 
feed solution. Salt ?ux occurs from the feed side to the draW 
side, and can also occur from the draW side to the feed side. 
When external pressure is applied, in the orientation of an 
active layer facing the draW solution (AL-DS), the extra Water 
?ux either make the salt more concentrated near the inner 
active layer region (as dashed lineA shoWs), or make the salt 
less concentrated by pushing the salt across the membrane (as 
dashed line B shoWs), While the external concentration polar 
iZation (ECP) should not vary much in the DS side. In the 
orientation of active layer facing the feed side (AL-FD), there 
is more likely only one case: external concentration polariZa 
tion on the feed side increases at an increasing rate of change 
(as dashed line D shoWs) because additional salt is retained at 
the surface, and internal concentration polarization on the 
draW side also increases at an increasing rate of change (as 
dashed line C shoWs) because additional Water ?ushes out the 
salt, thus reducing the concentration. 

EXPERIMENTAL METHODS 

Membranes and Chemicals 

[0040] DeioniZed Water is used throughout the experi 
ments. The sodium chloride used is of analytical grade. Mem 
branes used are listed in Table 1. 
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TABLE 1 

Membranes tested in this study 

Classi?cation Label Material Manufacturer 

Seawater R0 R04 PA TFC Sepro 
CE CA on polyester fabric Osmonics 

Bracki shWater R0 R01 PA TFC S epro 
NF NFl PA TFC S epro 
FO CTAl CTA on polyester mesh HTI 

CTA2 CTA on nonWoven fabric HTI 

FO Performance Test 

[0041] A schematic diagram of the laboratory scale unit 
(300) used in this study is shoWn in FIG. 3. The special 
designed cross-?oW membrane cell (301) has a channel (302, 
303) on each side of the membrane (304), Which alloWs the 
feed solution (305) and draW solution (306) to How through 
separately. Each channel has dimensions of 2.8, 50, and 100 
mm for channel height, length, and Width, respectively. Co 
current How Was used with How rate in each channel con 

trolled by a peristaltic pump (307, 308) and a How meter (309, 
310). A heat exchanger (311) Was used to maintain the feed 
and draW solutions at 23° C. A stirrer (320) on the feed side 
Was also used. A Weighing scale (312) connected to a com 
puter (313) Was used to monitor the Weight of Water perme 
ating through the membrane from the feed to the draW side, 
from Which the Water ?ux Was calculated. A conductivity 
meter (314) in the feed side Was used to determine to salt 
concentration and thus the salt ?ux. A draW side conductivity 
meter (315) also exists to take measurements on the draW 
side. The laboratory scale unit (300) also comprises a feed 
side thermistor (316) and a draW-side thermistor (317). The 
cross-?oW rates for the feed and draW solution Were main 
tained at 1.2 and 0.4 L/min respectively for the ‘Without 
pressure’ test. The additional pressure on the feed side is 
generated and controlled by the pump (308) and the valve 
(318) on the feed side. The pressure is detected by a pressure 
transducer (319). 

Results and Discussion 

Pressure Generated Water Flux Jp Test 

[0042] The pressure generated Water ?ux Jp test is carried 
out in the FO test system, as shoWn in FIG. 3. DI Water is used 
on the ‘draW solution’ side. TWo ‘feed side’ solutions are used: 
DI and 2000 ppm NaCl. The external pressure is applied on 
the ‘feed side.’ 
[0043] The pressure range is set as 0.25 bar to 1.7 bar. The 
top limit is due to the pressure transducer’s detection limit. 
Cellulose acetate (CA) and cellulose triacetate (CTA) based 
membranes can Withstand 1.7 bar; While With a polyamide 
(PA) based thin-?lm-composite membranes, the polysulfone 
layer may detach from the backing layer, and even break at 
higher pressures. An RO4 membrane is damaged at 1.25 bar; 
an ROI membrane is damaged at 1.7 bar; and an NFl mem 
brane can Withstand 1.7 bar. 

[0044] Table 2 lists the results of the Jp test With DI as the 
feed solution. Polyamide-based thin-?lm-composite (R04) 
and cellulose acetate on polyester fabric (CE) membranes are 
seaWater RO membranes, and cellulose triacetate on polyes 
ter mesh (CTA1) and cellulose triacetate on nonWoven fabric 
(CTA2) are FO membranes Which gave loW Water ?uxes, 
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While brackish Water RO membrane made of polyamide thin 
?lm-composite (R01) and a NF membrane made of polya 
mide thin-?lm-composite (NFl) gave relatively high Water 
?uxes. 
[0045] Table 3 shows the performance of the Jp test With 
2000 ppm NaCl in the feed solution. The Water ?ux decreased 
a lot compared With the results With DI as feed solution. 
Generally, the ROl and NFl membranes gave higher Water 
?uxes and salt ?uxes. For R04, the Water ?ux is negative at 
0.25 bar because the applied pressure is insu?icient to push 
the Water from the salty feed to the DI ‘draW side.’ Table 3 also 
lists the result of R01 membrane With 0.5 M NaCl as feed. 

TABLE 2 

Water ?ux (LMH) generated external pressure 
under blank conditions With D1 in Feed 

Pressure (Bar) R04 CE R01 NFl CTAl CTA2 

0.25 0.7 i 2.2 2.2 0.5 0.1 

0.5 2.3 1.3 5.1 5.8 0.9 0.4 
0.75 3.2 i 8.0 8.7 1.1 0.5 

1 4.0 3.1 11.0 12.0 1.4 0.6 
1.25 Damaged i 13.1 14.6 1.6 0.7 
1.5 i 3.5 17.5 17.4 1.8 0.9 

1.7 i 3.3 Damaged 22.0 1.9 1.0 

TABLE3 
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solution. Similarly, FIG. 4(b) illustrates the feed pressure’s 
effect on the salt ?ux using various membranes in a PO test 
With DI as the feed solution and 1.5 M NaCl as the draW 
solution. FIG. 4(c) illustrates the feed pressure’ s effect on the 
Water ?ux using various membranes in a PO test With DI as 
the feed solution and 1.0 M NaCl as the draW solution. FIG. 
4(d) illustrates the feed pressure’s effect on the salt ?ux using 
various membranes in a PO test With DI as the feed solution 
and 1.0 M NaCl as the draW solution. FIG. 4(e) illustrates the 
feed pressure’s effect on the Water ?ux using various mem 
branes in a PO test With DI as the feed solution and 0.5 M 
NaCl as the draW solution. FIG. 40‘) illustrates the feed pres 
sure’ s effect on the salt ?ux using various membranes in a PO 
test With DI as the feed solution and 0.5 M NaCl as the draW 
solution. All the membranes shoWed the same trend either in 
Water ?ux or salt ?ux With increasing the pressure at different 
DS concentrations. Generally, there are three groups, catego 
riZed by membrane performance: Group 1 includes PA-based 
thin-?lm-composite membranes R01, R04, and NFl ; Group 
11 includes CTA-based FO membranes CTAl and CTA2; and 
Group III is includes a CA-based membrane CE. With 
increasing the pres sure, Group I experienced a sharp increase 
in Water ?ux and a decrease to Zero in salt ?ux; Group 11 
remained roughly the same in Water ?ux and slightly 
increased in salt ?ux; Group III increased slightly in Water 
?ux and decreased slightly in salt ?ux. 

Water ?ux (LMH) and salt ?ux (GMH) generated external pressure 
under blank condition With 2000 ppm NaCl in Feed 

Pressure (Bar) R04 CE R01 R01* NFl CTAl CTA2 

0.25 -0.2(0.2)l i 0.1(0.7) —1.6(1.6) 0.2(07) i 
0.5 0.2(0.5) 0.4(07) 1.0(1.6) -1.0(3.2) 0.9(1.4) -0.3(2.3) 0.07(0.0) 
0.75 0.7(1.1) i 1.6(2.7) —0.6(6.7) 2.1(2.8) i 

1 1.2(1.5) 1.5(1.2) 2.3(4.3) -0.1(9.s) 2.8(36) 0.1(2.9) 0.3(04) 
1.25 i i 3.2(5.4) 0.4(15.1) 3.1(4.7) i 

1.5 i 2.1(1.7) i i i 0.6(2.6) 1.1(0.5) 

1.7 i 2.4(2.0) i i i 0.5(2.8) 2.3(05) 

l‘—0.2(0.2)’ is ‘Water ?ux (salt ?ux)’; the negative Water ?ux means the pressure is insufficient to push the Water from 
the salty Feed to the DI ‘Draw side’. 
*the Feed side is 0.5M NaCl solution. 

Pressure Facilitated FO Test With DI as Feed 
[0046] To quantify the effect of external pressure on Water 
?ux, We de?ne the Water ?ux under pressure facilitated FO 
test: 

J overallIJ I'I,O+JP+AJ 11 

Where Jovem” is the Water ?ux under pressure facilitated FO 
test; 
[0047] J up is the Water ?ux generated by osmotic pressure 
under FO test Without pressure, 
[0048] J P is the Water ?ux generated by external pressure 
under Pressure generated Water ?ux Jp test, 
[0049] AJH is the Water ?ux difference betWeen J Overall and 
1m) +JP, and 
[0050] AIAJ 1-I/ JI-LO, WhereA represents the in?uence of the 
external pressure on the ICP. 

[0051] FIGS. 4(a)-(f) shoWs the membranes’ performance 
at different pressures applied on the feed solution, or feed 
pressures, With 1.5 M, 1.0 M and 0.5 M NaCl as DS and DI as 
the feed solution. FIG. 4(a) illustrates the feed pressure’s 
effect on the Water ?ux using various membranes in a PO test 
With DI as the feed solution and 1.5 M NaCl as the draW 

[0052] It is common that higher DS concentration yields 
higher Water ?ux and higher salt ?ux. In vieW that the trend is 
roughly the same at different DS concentrations, the case of 
using 1.5 M NaCl as a DS is discussed in detail. At the Zero 
point (Without external pressure), FO membranes outper 
formed the other membranes in Water ?ux, Where CTAl and 
CTA2 membranes gave around 20 LMH, While the other 
membranes gave less than 5 LMH. HoWever, the FO mem 
branes also gave high salt ?uxes, Where CTAl membrane 
gave around 80 GMH (as FIG. 4(g) shoWs) and CTA2 gave 4 
GMH, While R04 and ROl membranes gave less than 1 
GMH. 
[0053] With 0.25 bar pressure, the Water ?uxes increased 
for Group I membranes, and the salt ?uxes decreased. For 
R01 and R04 membrane, the Water ?ux increased to around 
20 LMH, reaching the level of CTAl and CTA2 membranes. 
[0054] With increasing the feed pressure, Group I mem 
brane outperformed the CTAl, CTA2 membrane in Water 
?ux, and the salt ?ux decreased to Zero. Water ?ux for ROl 
reached 50 LMH With a feed pressure 1.25 bar. 
[0055] FIG. 4(g) illustrates the salt ?ux of a thin-?lm-com 
posite membrane at different feed pressures With DI as the 
feed solution and 1.5 M NaCl as the draW solution. 
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[0056] FIGS. 5(a)-(c) show the A factor of the pressure 
facilitated FO test With D1 as the feed solution and varying 
concentrations of NaCl as the draW solution. FIG. 5(a) shoWs 
the A factor When 1.5 M NaCl is the draW solution. FIG. 5(b) 
shoWs the A factor When 1.0 M NaCl is the draW solution. 
FIG. 5(0) shoWs the A factor When 0.5 M NaCl is the draW 
solution. The osmotic driven process is enhanced by the addi 
tional pressure on the feed side for Group I membranes. For 
RO1, the A factor ranges from 2 to 11 Which means the 
osmotic driven Water ?ux is enhanced betWeen 2 and 11 
times. 
Pressure Facilitated FO Test With Presence of Salt in the Feed 
Solution 

[0057] To investigate the pressure facilitated FO process 
With salty feed, 2000 ppm NaCl solution is used as the feed 
With 1.5 M NaCl as draW solution. 

[0058] FIG. 6(a) is an illustration of Water ?ux of pressure 
facilitated FO tests performed With 2000 ppm NaCl as the 
feed solution and 1 .5 M NaCl as the draW solution, for various 
membranes including RO1, RO4, CTA1, CTA2, NP, and CE. 
[0059] Water ?uxes for Polyamide-based thin-?lm-com 
posite membranes increased With increasing the feed pres 
sure, among Which RO1 increased from less than 5 LMH to 
20 LMH, Where the FO membranes CTA1, CTA2 gave 
around 10 LMH. 

[0060] FIG. 6(b) is an illustration of theA factor of pressure 
facilitated FO tests performed With 2000 ppm NaCl as the 
feed solution and 1 .5 M NaCl as the draW solution, for various 
membranes including R01, R04, CTA1, CTA2, NP, and CE. 
It shoWs that the osmotic driven process for RO1 membrane 
increased 2-8 times With pressure on the feed side. 

[0061] An experiment With 0.5 M NaCl as feed Was also 
conducted With 1.5 M NaCl as draW solution for RO1 mem 
brane. 

[0062] FIG. 7(a) is an illustration of Water ?ux in a pressure 
facilitated FO test using a RO1 membrane With 0.5 M NaCl as 
feed solution and a draW solution of 1.5 M NaCl. With addi 
tional pressure, Water ?ux Was less than 1 LMH. With increas 
ing the pressure, Water ?ux started to increase sloWly With 
pressure 0.25-0.75 bar, and then increased quickly from 0.75 
1.25 bar. At 1.25 bar, it reached 17 LMH. 
[0063] FIG. 7(b) is an illustration of the A factor in a pres 
sure facilitated FO test using a RO1 membrane With 0.5 M 
NaCl as feed solution and a draW solution of 1.5 M NaCl. It 
can be seen that the osmotic driven process is enhanced by 
nearly 40 times. 

CONCLUSIONS 

[0064] LoW Water ?ux is a major problem for forWard 
osmosis related applications. lntemal concentration polariza 
tion (ICP) is generally believed as the reason for this. In this 
invention, a novel process method, Which is applying an 
external pressure on the feed side, is proven effective in 
enhancing the membrane performance. With either DI Water 
or salty Water as feed, thin ?lm composite membranes Which 
includes an active layer and a support layer shoW signi?cant 
improvement in Water ?ux With the active layer facing the 
draW solution. The osmotic driven process is enhanced 10% 
400%, depending on the external pressure and feed concen 
tration. 

Dec. 5, 2013 

[0065] Other embodiments are Within the scope of the fol 
loWing claims: 
What is claimed is: 
1. A process comprising the steps of: 
passing a ?uid in a forWard osmosis system from a feed 

solution With a ?rst osmotic pressure, through a mem 
brane into a draW solution comprising a draW solute With 
a second osmotic pressure, Wherein the ?rst osmotic 
pressure is loWer than the second osmotic pressure, the 
membrane including an active layer and a support layer, 
and the membrane is oriented such that the active layer 
of the membrane faces a draW side, and the support layer 
faces a feed side; and 

applying an external force to the ?uid on the feed side of the 
membrane. 

2. The process of claim 1 Wherein the external force applied 
on the feed side is an external pressure generated and con 
trolled by a pressure control system. 

3. The process of claim 1 Wherein the pressure applied on 
the feed side is betWeen 0.25 bar to 20 bar. 

4. A process according to claim 1 Wherein the membrane is 
a thin ?lm composite membrane, a cellulose acetate-based 
dense membrane, or a cellulose triacetate based dense mem 
brane. 

5. A process according to claim 4, Wherein the membrane 
is a thin ?lm composite membrane, in Which the support layer 
is a porous support layer With or Without a backing layer. 

6. A process according to claim 1 Whereby ?ux of a solvent 
is increased by 10% to 400% of a ?ux of the solvent in Which 
no additional pressure is applied. 

7. A forWard osmosis ?uid puri?cation system Which alle 
viates internal concentration polarization and enhances mem 
brane performance comprising: 

a membrane module including a membrane; 
a feed side con?gured to contain a solution consisting of 

unpuri?ed solvent; 
a pressure control system on the feed side capable of gen 

erating and applying an external pressure on the feed 
side; and 

a draW side including a draW solute. 
8. A system according to claim 6 further comprising a 

channel on each side of the membrane, Which alloWs a feed 
solution and a draW solution to ?oW through separately. 

9. A system according to claim 8 Wherein the feed solution 
?oWs through a feed side channel. 

10. A system according to claim 8 Wherein the draW solu 
tion ?oWs through a draW side channel. 

11. The system of claim 9 Wherein the pressure control 
system comprises a pump on the feed side. 

12. The system of claim 9 Wherein the pressure control 
system comprises a valve on the feed side. 

13. The system of claim 7, Wherein the membrane com 
prises an active layer and a support layer, Wherein the active 
layer faces the draW side. 

14. The system of claim 7 Wherein the membrane is a thin 
?lm composite membrane, a cellulose acetate-based dense 
membrane, or a cellulose triacetate based dense membrane. 

15. The system of claim 14, Wherein the membrane is a thin 
?lm composite membrane, in Which the support layer is a 
porous support layer With or Without a backing layer. 

16. The system of claim 6, Wherein the membrane module 
is the plate of the frame, spiral Wound, or holloW ?ber. 

* * * * * 


