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APPARATUS, SYSTEM, AND METHOD FOR 
FORWARD OSMOSIS IN WATER REUSE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Application No. 61/501,881 ?led Jun. 28, 2011, the entire 
contents of which is speci?cally incorporated herein by ref 
erence without disclaimer. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to forward osmosis used in 
water reuse and more particularly relates to an apparatus 
system and method for forward osmosis in desalinating and 
purifying waste water. 

[0004] 2. Description of the Related Art 
[0005] With the increasing economic and population 
growth, the demand for water is also increasing. Under an 
average economic growth scenario and if no ef?ciency gains 
are assumed, global water demand will increase 53% by 
2030, from 4.5 trillion m3 to 6.9 trillion m3. The water 
demand increment represents a 40% increase over current 
accessible, reliable supply water, but the de?cit may be more 
than 50% for one-third of the population living in basins 
within developing countries. This situation argues for the 
need to preserve and reuse water in water stressed countries, 
and therefore domestic wastewater reuse is gaining popular 
ity. The water-industry standard for water reclamation is 
mainly comprised of high-energy consuming processes, in 
which secondary wastewater e?lluents are treated with micro 
?ltration/ultra?ltration, reverse osmosis (R0) and even 
advanced oxidation processes like UV radiation combined 
with hydrogen peroxide addition. Forward osmosis (FO) 
compared to the aforementioned technologies can contribute 
to increased water reuse at lower energy consumption, and 
therefore, a considerable cost reduction is feasible. 

[0006] The growth of the desalination market in countries 
with or approaching, physical water scarcity is a fact con 
?rmed by a recent state of the art desalination report. Most of 
the countries with water scarcity or approaching it are located 
in the Middle East and North Africa (MENA) region. In the 
global scenario, from 2000 to 2005 the installed desalination 
capacity grew at a compound average rate of 12%, and the 
compound annual growth rate of installed capacity from 1997 
to 2007 was 7.9%. In the period 2010-2020 the global cumu 
lative contracted capacity of the desalination market will 
grow at a cumulative average growth rate of 10.5%, reaching 
195.8 million m3/day in 2020. The real price of desalinating 
water by seawater reverse osmosis (SWRO) is nowadays in 
the range $0.5-1/m3, which is a reduced cost with energy 
recovery devices, but the cost will not continue decreasing 
because equipment and energy costs will increase. The cur 
rent and forecasted situation means that the price of water will 
probably increase when subsidies are gradually withdrawn in 
the Middle East. Water reuse will play an important role to 
lessen water treatment costs. Global Water Intelligence pre 
dicts a 181% increase of the global water reuse capacity over 
the years 2005-2010 and, in comparison, the growth of the 
desalination capacity over the same period was predicted as 
102%. There is a close link between desalination and water 
reuse, and PO membranes can act as bridge between the two 
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processes. Studies indicated that the hybrid process of PO and 
R0 is economically favorable for recoveries of water up to 
63%. 
[0007] Organic micropollutants are of concern in water 
reuse. Organic micropollutants (also known as emerging 
organic contaminants) are compounds such as pharmaceuti 
cally active compounds, endocrine disrupting compounds, 
organic compounds derived from personal care products and 
other organic compounds discharged by diverse industries. 
Micropollutants are either only moderately or not removed 
during wastewater treatment. The problem of micropollutants 
is inherent to water reuse; hence an acceptable technology for 
water reuse should be able to remove emerging organic con 
taminants. FO membranes may act as double barrier in com 
bination with R0 to reject most of the emerging contami 
nants, or a single barrier when used for partial desalination. 
[0008] Presented here are practical uses of PO membranes 
that demonstrate a PO membrane con?guration can achieve 
indirect desalination of seawater at reduced costs. In an 
embodiment of the invention, a plate and frame FO mem 
brane is used with real seawater as a draw solution and sec 
ondary wastewater ef?uent as a feed water to achieve partial 
desalination at low pressure. A low pressure reverse osmosis 
(LPRO) step may be added in order to achieve full desalin 
iZation at a lower energy cost. 
[0009] The referenced shortcomings are not intended to be 
exhaustive, but rather are among many that tend to impair the 
effectiveness of previously known techniques in water ?ltra 
tion; however, those mentioned here are su?icient to demon 
strate that the methodologies appearing in the art have not 
been satisfactory and that a signi?cant need exists for the 
techniques described and claimed in this disclosure. 

SUMMARY OF THE INVENTION 

[0010] From the foregoing discussion, it shouldbe apparent 
that a need exists for an apparatus, system, and method for 
desalinating water sources. 
[0011] A ?rst general embodiment of the invention is an 
immersion forward osmosis cell apparatus comprising: a ?rst 
and second frame shaped plate; an inner frame; and a ?rst and 
second forward osmosis membrane, where the cell is 
assembled in the order of the ?rst plate, the ?rst membrane, 
the frame, the second membrane and the second plate, such 
that each membrane is located between a plate and the frame. 
This embodiment may further comprise two o-rings located 
between each membrane and the frame and/ or two o-rings 
located between each membrane and each plate. The immer 
sion forward osmosis cell may additionally comprise one or 
more ingress tubes and one or more egress tubes, where the 
ingress tubes and egress tubes are attached to the cell on the 
opposite sides of each other. The cell may be con?gured to be 
water tight, such that liquid only enters or exits the cell 
through the membranes and/or through the ingress or egress 
tubes. 
[0012] Another general embodiment of the invention is an 
apparatus comprising: a draw solution tank; a immersion 
forward osmosis cell; a pump; egress tubing; and ingress 
tubing, where the immersion forward osmosis cell is con 
nected to the to the draw solution tank through the ingress 
tubing and through the egress tubing; and where the pump is 
connected to either the ingress or the egress tubing. The 
apparatus may further comprise a feed water tank and the cell 
may be located in the feed water tank. The feed water tank 
and/or draw solution tank may also comprises an air scouring 
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system a stirrer, a temperature monitor, a temperature control 
feature, a conductivity probe and/or be connected to addi 
tional tubing that is con?gured to supply feed Water. The feed 
Water tank may also have a balance located under it. The 
ingress and/ or ingress tubing may be connected to a pressure 
gauge. The pump may be a loW pressure pump and/or a gear 
pump that operates at less than 20 bars, less than 15 bars, or 
less than 10 bars, for example. The draW solution may be 
connected to additional tubing that is con?gured to supply 
fresh draW solution to the draW solution tank or to WithdraW 
processed draW solution from the tank. The apparatus may 
further comprise a computer and the computer may be con 
?gured to monitor and/ or control the apparatus. Any and all 
monitoring equipment such as the balance, temperature and/ 
or conductivity monitors may be connected to the computer. 
Any and all of the control speci?c mechanisms, such as the 
pumps, may be connected to and controlled by the computer. 
The apparatus may further comprise a loW pressure reverse 
osmosis module. The loW pressure reverse osmosis module 
may run at reduced pressures such as less than 20 bar, less 
than 15 bar, less than 10 bar, or less than 5 bar, for example. 
The loW pressure reverse osmosis system may comprise a 
positive displacement pump, a reverse osmosis cross-?oW 
?ltration cell, stainless steel tubing, needle valves, a pressure 
gauge, a stirrer, a conductivity probe a balance, a temperature 
monitor, a temperature control mechanism, and/ or a propor 
tional pressure relief valve. The loW pressure reverse osmosis 
system may be connected to the draW solution tank or may 
comprise an additional pre-reverse osmosis tank. The pre 
reverse osmosis tank may be connected to the draW solution 
tank through tubing. The loW pressure reverse osmosis sys 
tem may also comprise a post-reverse osmosis tank. The 
immersion forWard osmosis cell may be con?gured as 
described in the ?rst general embodiment. 

[0013] Another general embodiment of the invention is a 
method for desalinating Water, the method comprising: pro 
viding an immersion forWard osmosis cell connected to a 
source of draW solution; immersing the forWard osmosis cell 
in feed Water; pumping the draW solution through the forWard 
osmosis cell and back into the draW solution source. The draW 
solution may be salt Water and the feed Water may be Waste 
Water. After processing by forWard osmosis, the salt Water 
Will become partially desalinated. In an embodiment of the 
invention, the pumping comprises the use of a gear pump. In 
speci?c embodiments of the invention, attributes of the sys 
tem are monitored, such as the conductivity, the temperature, 
the Weight, the volume, the fouling of membranes and the 
like. System attributes may be monitored through conductiv 
ity probes, temperature probes, balances, and the like. The 
results of the monitored attributes may be sent to a computer. 
The computer may monitor the volume, the Weight, and/ or the 
conductivity of the draW solution tank. Once the computer 
detects that the conductivity, the Weight, or the volume of the 
draW solution and/or the feed Water is beloW a predetermined 
level, the draW solution and/ or the feed Water may be replaced 
With neW draW solution and/or feed Water, starting a neW 
cycle. The feed Water and/or the draW solution may be stirred. 
The forWard osmosis cell may be air scoured When the mem 
branes Within the cell are fouled or soiled. The method may 
further comprise measuring the pressure of the pumped draW 
solution. After processing the draW solution may be ?ltered 
using loW pressure reverse osmosis. The loW pressure reverse 
osmosis system may desalinate the forWard osmosis pro 
cessed feed Water. The loW pressure reverse osmosis may 
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comprise a positive displacement pump, a reverse osmosis 
cross-?oW ?ltration cell, stainless steel tubing, needle valves, 
a pressure gauge, a stirrer, a conductivity probe a balance, a 
temperature monitor, a temperature control mechanism, and/ 
or a proportional pressure relief valve. The immersion for 
Ward osmosis cell may be con?gured as described in the ?rst 
general embodiment. 
[0014] The terms “coupled,” “connected,” or “attached” as 
used herein include physical attachment, Whether direct or 
indirect, permanently af?xed or adj ustably mounted connec 
tions. Thus, unless speci?ed, these terms are intended to 
embrace any operationally functional connection. 
[0015] The terms “a” and “an” are de?ned as one or more 
unless this disclosure explicitly requires otherWise. 
[0016] The term “substantially” and its variations are 
de?ned as being largely but not necessarily Wholly What is 
speci?ed as understood by one of ordinary skill in the art, and 
in one non-limiting embodiment “substantially” refers to 
ranges Within 10%, preferably Within 5%, more preferably 
Within 1%, and most preferably Within 0.5% of What is speci 
?ed. 
[0017] The terms “comprise” (and any form of comprise, 
such as “comprises” and “comprising”), “have” (and any 
form of have, such as “has” and “having”), “include” (and any 
form of include, such as “includes” and “including”) and 
“contain” (and any form of contain, such as “contains” and 
“containing”) are open-ended linking verbs. As a result, a 
method or device that “comprises,” “has,” “includes” or “con 
tains” one or more steps or elements possesses those one or 

more steps or elements, but is not limited to possessing only 
those one or more elements. LikeWise, a step of a method or 
an element of a device that “comprises,” “has,” “includes” or 
“contains” one or more features possesses those one or more 

features, but is not limited to possessing only those one or 
more features. Furthermore, a device or structure that is con 
?gured in a certain Way is con?gured in at least that Way, but 
may also be con?gured in Ways that are not listed. 
[0018] Other features and associated advantages Will 
become apparent With reference to the folloWing detailed 
description of speci?c embodiments in connection With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The folloWing draWings form part of the present 
speci?cation and are included to further demonstrate certain 
aspects of the present invention. The invention may be better 
understood by reference to one or more of these draWings in 
combination With the detailed description of speci?c embodi 
ments presented herein. 
[0020] FIG. 1 is an schematic of an embodiment ofa PO 
and LPRO setup. 
[0021] FIG. 2 is an illustration ofcycles offorWard osmosis 
process shoWing the volume of FW, DS, fDS (fresh draW 
solution). 
[0022] FIG. 3 is a schematic of the immersion FO cell. 
[0023] FIG. 4 is a schematic of center section (frame) of the 
immersion FO cell. 
[0024] FIG. 5 is a schematic of the outer sections (plates) of 
the immersion FO cell. 
[0025] FIG. 6 is a schematic of a forWard osmosis (FO) 
experimental setup. 
[0026] FIG. 7 is a graph a) PO ?ux and b) conductivity 
decline of DS; thin-?lm layer facing feed Water, and support 
layer facing seaWater. 
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[0027] FIG. 8 a) is a graph of the rejection percent vs. 
molecular Weight vs. log D of twelve contaminates through 
the PO and LPRO membranes and b) is a graph of rejection 
percent vs. equivalent Width vs. log D of tWelve contaminates 
through the PO and LPRO membranes. 
[0028] FIG. 9 is a SEM photograph ofa cross section and 
top vieW of a PO membrane shoWing a non-homogenous 
thin-?lm layer. 
[0029] FIG. 10 is a SEM photograph of a clean membrane 
top. 
[0030] FIG. 11 is a proposed mechanism of rejection for 
Bisphenol A (BPA) and 170t-ethynilestradiol (EE2). 
[0031] FIG. 12 is a scheme for de?nition of reversible and 
irreversible fouling: NF (normalized ?ux). 
[0032] FIG. 13 is a graph of the forWard osmosis ?ux versus 
time, and modeled FO ?ux versus time. 
[0033] FIG. 14 is a graph of normaliZed forWard osmosis 
?ux versus time, SWWE (secondary WasteWater e?iuent). 
[0034] FIG. 15 is a graph of concentration of total dissolved 
solids (TDS) in draW solution (DS) and permeate of LPRO 
versus time. 

DETAILED DESCRIPTION 

[0035] Various features and advantageous details are 
explained more fully With reference to the nonlimiting 
embodiments that are illustrated in the accompanying draW 
ings and detailed in the folloWing description. Descriptions of 
Well knoWn starting materials, processing techniques, com 
ponents, and equipment are omitted so as not to unnecessarily 
obscure the invention in detail. It should be understood, hoW 
ever, that the detailed description and the speci?c examples, 
While indicating embodiments of the invention, are given by 
Way of illustration only, and not by Way of limitation. Various 
substitutions, modi?cations, additions, and/or rearrange 
ments Within the spirit and/ or scope of the underlying inven 
tive concept Will become apparent to those skilled in the art 
from this disclosure. 
[0036] Certain units described in this speci?cation have 
been labeled as modules, in order to more particularly empha 
siZe their implementation independence. A module is “[a] 
self-contained hardWare or softWare component that interacts 
With a larger system. Alan Freedman, “The Computer Glos 
sary” 268 (8th ed. 1998). A module comprises a machine or 
machines executable instructions. For example, a module 
may be implemented as a hardWare circuit comprising cus 
tom VLSI circuits or gate arrays, off-the-shelf semiconduc 
tors such as logic chips, transistors, or other discrete compo 
nents. A module may also be implemented in programmable 
hardWare devices such as ?eld programmable gate arrays, 
programmable array logic, programmable logic devices or 
the like. 
[0037] In the folloWing description, numerous speci?c 
details are provided, such as examples of system setup and 
components. One skilled in the relevant art Will recogniZe, 
hoWever, that the invention may be practiced Without one or 
more of the speci?c details, or With other methods, compo 
nents, materials, and so forth. In other instances, Well-knoWn 
structures, materials, or operations are not shoWn or described 
in detail to avoid obscuring aspects of the invention. 
[0038] The invention relates to recovery of Water from 
impaired Water sources by using PO and seaWater as draW 
solution (DS). The seaWater becomes diluted over time and 
can be easily desalinated at very loW pressures. Thus, the 
device consumes less energy When recovering Water. A layout 
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of an embodiment of the forWard osmosis (FO) device is 
shoWn in FIG. 1. Speci?c embodiments of the F0 cell are 
illustrated in FIGS. 3-5. The F0 cell 102 may be a plate and 
frame assembly, the assembly is described in the components 
subsection. The F0 cell 102 accommodates tWo ?at-sheet FO 
membranes implemented in parallel. The membrane cells are 
immersed in a tank 100 containing feed Water (FW), and are 
connected to a receptacle 104 containing the draW solution 
(DS). A gear pump 106 is used to continuously recirculate the 
DS inside the cell 102 formed by the membrane and frame. A 
balance 108 may be used as a mass ?oW controller When 
connected to a computer. An air scouring system 110 may be 
used in the bottom of the FW tank to hydraulically clean the 
FO membrane after long-term use. The conductivity of the 
draW solution may be monitored With an online conductivity 
meter 112 connected to a computer 113. The computer may 
also be connected to the balance 108 and to gates or valves 
that control the ?oW of DS, FS, and others. The loW pressure 
reverse osmosis setup (LPRO) 114 may be implemented 
alongside the FO implementation and be comprised of a 
positive displacement pump 116, a cross-?oW ?ltration cell 
118 accommodating RO membrane such as a 139 cm2 mem 
brane, needle valves, pressure gauges, a proportional pressure 
relief valve and/or stainless steel tubing. Any FO membrane 
may be used, such as those made by Hydration Technology 
Innovations, LLC. (HTI, Albany, Oreg.). Any RO membrane 
may be used, such as an aromatic polyamide RO membrane, 
BW-30 (DoW-Filmtec, Midland, Mich.). Membranes used 
may be selected depending on the contaminated Water source, 
such that the membrane used ?lters out the main contami 
nates. Stirring assemblies 128 may be added to any of the 
tanks to circulate the Water Within. Chiller and heater assem 
blies 130 may control temperature variations. Ingress tubing 
120 connects the draW solution tank 104 to the cell 102. The 
ingress tubing 120 may be attached to the draW solution tank 
104 or may be immersed in the ?uid located in the draW 
solution tank 104. In either of these embodiments, the ingress 
tubing 120 is referred to as being “connected” to the draW 
solution tank 104. As long as ?uid is able to ?oW from the 
draW solution tank 104 into the ingress tubing 120, the tubing 
120 is considered to be “connected” to the draW solution tank 
104. The ingress tubing is connected to the cell 102 in such a 
Way that the ?uid from the ingress tubing 120 enters the cell 
betWeen the tWo forWard osmosis membranes. Egress tubing 
122 connects the cell 102 to the draW solution tank 104. The 
egress tubing 122 is connected to the cell in such as Way that 
the ?uid inside of the cell 102 enters the egress tubing 122. 
The egress tubing 122 is further connected to the draW solu 
tion tank 103. The egress tubing 122 is considered to be 
“connected” to the draW solution tank 104 as long as the ?uid 
that exits the egress tubing 122 enters the draW solution tank 
104. A pump 106 may be connected to either the egress or the 
ingress tubing. A pressure gauge 124 is connected to either 
the ingress tubing 120 or the egress tubing 122. The pressure 
gauge 124 may also be monitored by the computer 113. 

[0039] The device starts operating after placing impaired 
Water in the FO tank 102 (primary Waste Water being treated, 
secondary WasteWater e?iuent). Then, seaWater is poured into 
the DS tank 104. The seaWater may be pre-?ltered. The recir 
culation pump 106 operates at a ?oW rate of 100 mL/min, for 
example, and dilution of the DS begins. MeanWhile the con 
ductivity and ?oW rate data acquisition is also started and may 
be monitored at the computer 1 13. The loW ?oW rate in the F0 
cell 102 channel alloWs a hydraulic transversal ?oW of the 
























