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ELECTRODI ALYSI S SYSTEMS AND METHODS FOR ENERGY GENERATI ON AND WASTE
TREATMENT FI ELD OF THE TECHNOLOGY One or nore aspects relate
generally to waste treatnent. Mre particularly, one or nore aspects relate
to systens and nethods for generating energy while treating waste.
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drawi ngs are included to provide illustration and a further understandi ng
of the various aspects and enbodi ment32h and are incorporated in and
constitute a part of this specificatioh. The draw ngs, together with the
remai nder of the specification, serve to explain principles and operations
of the described and clai ned aspects and enbodi nents. BRI EF DESCRI PTI ON OF



Vari ous aspects of at |east one enbodi nent are di scussed bel ow with
reference to the acconpanying figures. The figures are provided for the
purposes of illustration and explanation and are not intended as a
definition of the limts of the invention. In the figures: FIG 1
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neutrall Whi ch may be harvested and recovered in accordance with one

or nore In accordance with one or more embodiments, a reverse electrodialysis system may
comprise an anode, a cathode, a load in electric communication with the anode and the
cathode, a first chamber, positioned between the anode and the cathode, bounded by a first
ion exchange membrane and a second ion exchange membrane, the first chamber being in
fluid communication with an acidic waste effluent stream and a salt solution source, a second
chamber, positioned between the anode and the cathode, bounded by the second ion exchange
membrane and a third ion exchange membrane, the second chamber being in fluid
communication with the salt solution source, a third chamber, positioned between the anode
and the cathode, bounded by the third ion exchange membrane and a fourth ion exchange
membrane, the third chamber being in fluid communication with the with a caustic waste
effluent stream and the salt solution source, and a fourth chamber, positioned between the
anode and the cathode, bounded by the fourth ion exchange membrane and a fifth ion

exchange membrane, the fourth chamber being in fluid communication with the salt solution

In some embodiments, the salf solution source may comprise a mixture of the acidic
waste effluent stream exiting the first chamber and the caustic effluent stream exiting the
third chamber.

Still other aspects, embodiments, and advantages of these exemplary aspects and
embodiments, are discussed in detail below. Moreover, it is to be understood that both the
foregoing information and the following detailed description are merely illustrative examples
of various aspects and embodiments, and are intended to provide an overview or framework

for understanding the nature and character of the claimed aspects and embodiments. The
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embodiments. In at least some embodiments, the only discharged stream may be salt waste
as energy is harvested.

As illustrated in FIG. 1, a reverse electrodialysis (RED) stack is similar to an
electrodialysis (ED) stack, with cation exchange membranes (CEM) and anion exchange
membranes (AEM) placed alternately between two electrodes. In a RED stack, electric
energy can be generated from salinity difference in salt solutions. For example and as
illustrated, a power plant may be built near a river delta area to use seawater and river water
to generate electric power. In a RED process, the chemical potential difference between
solutions of varying salinity may generate a voltage over each membrane and the total
potential of the system may generally be the sum of the potential differences over all
membranes.

In accordance with one or more embodiments, a RED stack may include at least one
bipolar membrane (BPM). A bipolar membrane is generally a combination of a cation
exchange layer and an anion exchange layer. Under reverse bias of an electric field, water
may be dissociated into protons and hydroxyl ion groups by a BPM. A bipolar membrane
clectrodialysis stack (BPM-ED) may effectively convert a salt solution (e.g. NaCl) into the
corresponding acid (e.g. HCI) and base (e.g. NaO1II} as illustrated in FIG. 2. A basic solution
may be provided to a first chamber, an acidic solution may be provided to a second chamber,
and a salt solution may be provided to a third chamber. A BPM may dissociate water. Under
the influence of an electrical potential difference, negatively charged ions may migrate
toward the positively charged anode across one or more ion exchange membranes while
positively charged ions may migrate toward the negatively charged cathode across one or
more ion exchange membranes. The overall result of the electrodialysis process is generally
a more acidic solution and a more caustic solution from a salt solution.

In accordance with one or more embodiments, a BPM-RED may be used to treat
and caustic waste streams may be derived from various industrial processes including
semiconductor and wafer fabrication, chemical etching, mining and metal processing and
acid waste treatment. Some nonlimiting examples of waste streams may include constituents
such as hydrochloric acid, sulfuric acid, hydrofluoric acid, and ammonium hydroxide. Ina
BPM-RED stack, a cell pair may consist of three membranes (CEM, AEM and BPM) and
three chambers (salt, acid and base). Cell pairs may be repeated within the stack, for example
to achieve a desired number of chambers in the stack. MX, HX and MOH may be used to

generically indicate salt, acid and base, respectively. As shown in FIG. 3, protons in acid
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During ion transport, electric potentials may be built up, as indicated by E1, E2, E3
and E4 in FIG. 3. The electric potentials are related to the concentration of the acid, base and
salt effluents, and may be estimated with some assumptions. Simply assuming: (1) acid HX
concentration of 1.0 mol/l (or pH = 0), (2) base MOH concentration of 1.0 mol/l (or pl1=14),
(3) salt MX concentration 0.5 mol/l and (4) perfect permselectivity of the membranes, the

electric potentials may be evaluated as:
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In the above calculations, R is universal gas constant, T is absolute temperature, F is

Faraday's constant, a is activity of ions, a is transport number of CEM, AEM, cation

0.864 volt mainly contributed from BPM (E3+E4).

The power output may be related to the external resistance, or the electric load. The
maximum output may be achieved when the external resistance equals the internal resistance
of the stack. Assuming area resistance of CEM R, of 1.0 Ohm-cmz, area resistance of AEM
Ryom 0f 1.0 Ohm-cmz, area resistance of BPM Ry, 0£ 3.0 Ohm-cmz, and spacer thickness of
0.038 cm, the internal resistance and maximum power output of a repeating unit, or a cell

pair, may be calculated as:

exchange layer and anion exchange layer of BPM. The total electric potential in a cell pairis
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appl i cati ons, however, the naxi mum power output is not achieved because the
external resistance may not be the sane as the internal resistance. The
power output may be cal cul ated by: _ Etotal Rext Rth, + Re", As shown
in FIG 4, the power output relates to the operational current density. In
some non-limting enbodi nents, for st agk vvit@goo cell pairs and a
cross-sectional arga of f0.325;n2, , t*hed ovEE: n circuit voltage (OCV)
may be 432 VQ?PE gﬁ&mfﬁggﬁﬁ§§$ﬁﬁ1+ﬁ§sgsta@cehﬁ@¥tbe cal cul ated as 0.95 Chm
The maxi mum power output is cal cul at®d as 49112"Watt when the external
resistance is the same as the | n si st e. When external resistance
increases to 100:oﬁm+f'bar3)_@@9%@34-05%#%;]&%&*@%% ext er nal
resistance is 1000 ohm the pogpey3outpugsmay (o 186 Watt. In all these
cases, the voltage and power are high enough to be useful. I n
accordance with one_or -gm)@g qQdi ments, the maxi num energy possibly drawn
fromthe stacﬁjnagzgemtag At é@ﬁﬂ%ﬁ@f?ﬂ?@%@@@h@ properties of acid and
base. The Standdfd Gihbs freegenergy of formation for protons, hydroxyl
ions and water is 0 kJ¥nol, - 157.2 kJ/mol and -237.1 kJ/ nmol, respectively.
M xing 1 nol protons and 1 nol hydroxyl ions could emt 79.9 kJ of energy
which is the difference between -237.1 kJ/nol and -157.2 kJ/nmol. If the
concent r at i dfhussth&é nmxirhdmfpomwebotthutamint! Boat Hglsas 3G Watti®'. ils maséd which is

1000 liters,. thiis would equal 79900 kJ in.th xaml.e vol une en the acid
and. badBDLFAsionSHONCVSs Ban M Payter QBIRYLisiRl RS bsra i et (e

t her modynagh& RARA@beitBe %fneas the internal resistance. The power output may be calculated
by:

2
v ()
As shown in FIG. 4, the power output relates to the operational current density. In
some non-limiting embodiments, for a stack with 500 cell pairs and a cross-sectional area of
0.325 m?, the overall open circuit voltage (OCV) may be 432 Volt, and the internal resistance
may be calculated as 0.95 Ohm. The maximum power output is calculated as 49112 Watt
when the external resistance is the same as the internal resistance. When external resistance
increases to 100 ohm, the power output may be 1831 Watt. When external resistance is 1000
ohm, the power output may be 186 Watt. In all these cases, the voltage and power are high

enough to be useful.

In accordance with one or more embodiments, the maximum energy possibly drawn
from the stack may be calculated from thermodynamic properties of acid and base. The
Standard Gibbs free energy of formation for protons, hydroxyl ions and water is 0 kJ/mol, -
157.2 kJ/mol and -237.1 kJ/mol, respectively. Mixing 1 mol protons and 1 mol hydroxyl ions
could emit 79.9 kJ of energy which is the difference between -237.1 kJ/mol and -157.2
kJ/mol. If the concentration is 1 mol/l for both acid and base, and 1m’ is used which is 1000
liters, this would equal 79900 kJ in the example volume when the acid and base are

mixed. 79900 kJ may be converted to 22 2kWh/m®. Thus, the thermodynamic energy is 22.2



kWh/ n8 for mxing 1 nol/1 proton and hydroxyl. The maxi num energy produced
may be 22.2 kWh. In addition to acid effluent and base effl uent,

BPM RED may require an extra salt effluent to accept X- and Mtransported
fromthe acid chanber and the base chanber, as shown in FIG 3. In fact, it
could cone fromthe neutrallzed tream oh_ aC|d and base, ﬁ ({mwn in FIG
5. ThuskWhinrsor mogeg | entd rertppandiavirexyle e gimunSesisy Jevstd BarPhmy be a
salt waste, when acidic waste and caustic waste are fed into a BPM RED. It
may be necessary that one or nore stacks are in series or parallel to

achi eve the ]h@slthtltonwacnénfﬂ@nda@tmsgyffm@mwBPMMD may requidaen ggtrasadt prot ons

and hydrQx ions nopve .into the i di ate er of. the BPM.which may be
simlar® fﬁﬂg”ctltl n%[?“gdgrgf‘%s@(’ﬁ?d] r{g? 9\%&5 8h35fla%e§ %@#&W%ﬁ‘m&?& ®oncern
may be %B%nqgh?@mn% iFRE xpéou@@bdr@@ﬂbﬂgh@ﬁeatmz&PMeMaBH\AMs@@s made from
a casting nethod by conblnlng two | ayers which should be checked prior

t o use.shSemEn EF‘WBS n“élymbea atM?\@m@r@mdanf:Matth@ﬁnlﬁrdlﬂ§hﬂtrg%ﬁmml may je at hose
orlglnat oma sipgle matri o] tely
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gener at@atordiod hote kthelgure Inh@nwbﬁIﬂ@ﬁldttmadlnmirb|ﬂﬁmbesntredtmeh1rmdemmggct ions is
not very significant. To get the highest energy output, however, the

anol yt ecotigeiF®use a base stream and the cathol yte could use an acid stream
In this way, r [ d i éqig{é Lrndepyp! t age
consunption ]Prg@n e a gﬁdrlrlggh&mﬁ%%ﬁyl i3 %gg‘gﬂlg?glylcaﬂ% gﬁp | ow nenbr ane
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resi stance o e calculated as 3.2 Chm and power out put is
1752 Wibet imimureas delamimstioaron bblloodigs tgnth@sqa@glmttﬁﬁ Fosumsingle CEMix esbastance
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100 Ohm These cal cul ations indicate that CEDI npodul es or acid/caustic
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When | ow el ectric resistance load is applied, the output current_ becones
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ext er naAsdmligﬂg G\i\gﬂore@i_?ﬁmcé he Glimcin’ O8M Esmmhﬁaﬁ atﬁﬁm as’ Mvmistancarﬁcﬂ power
output is tt e Imxi ener or the ther c epergy, is
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of "E”béma%f&fm Q@ﬂn@%ﬁd%a@@%utg& 19&73?%& 5 OAR R ERRHARAIBca 1 GEM and AEM

pair may replace a BPM accor dance Wlt one or nore enbodi ments, a BPM
may be ©him Iﬁ&ismdldgchiVIe'Bdustplpner&gO ahxﬁEM ahﬂl\rﬁmsmme 849 @hesm” cBA¥ gur at i ons
as.illustrated in FElG. a.cell AEM. and a .
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achi eved, thus potentially saving one chanber in a cell pair. Simulating a
BPM mayOhm adescadeudations itdi¢atewbat CBB medulel esacidigaistie qu@@am@ﬁyw used

del am ? {Bﬂ\ﬁ%@ hr ee- chanber reverse el ectrodi al ysis system nay repl ace a
BPM REDSack Y treating acid and caustic wastes while harvesting energy.

The funct i onnaRdordthv@Riades Gfmékeadoaittbndd, e nedrblpghtior p4te ofhdill effenpr e
fully understood fromthe foll owm ng exanples, The exan‘PI es are intended to
&
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el ectri ¢ ?pot ¢ al IECross a Menbrane was rreasure wth a oratory test
kit. Wwesisane: bbd & applied, elie watpint chrénrietbrhesKighand theheutbletiosrae with 1.0
nol/ 1 NaOH, the electric potential across an Astom(r) CMX was neasured as
only O. MOF’S%/%SHO\Aever when BPM was used instead, the electric potenti al
was neasured as 0.78 VoIt, conpared to the above cal cul ated 0.828 Volt.

I n accordance with one or nore enbodi ngnts, an alternative ion exchange
menbr ane based el ectrodi al ysis system@and configuration may be i npl enent ed
whi ch does not use a BPM The configuration, illustrated in FIG 7,
involves a cell pair with four nenbranes and four chanbers, conpared to a



The possi bl e energy output may be estimated by cal cul ati on assum ng t hese
stream concentrations: (1) chanber 1, 1.0 MHC / 0.5 MNad, (2) chanber
2, 0.5 MNaCl, (3) chanmber 3, 1.0 MNaOH / 0.5 M NaCl and (4) chanber 4,
0.5 MNad . In chanber 2, the protons and hydroxyl ions may be neutralized.

Sand the. pHYAER FRARAEN Sispi TS Boserpa 08 N sall e ol FE A il Tl ¥ 6.5

Vol t i NptQlRlpaltBY AN AENEEY. 864 VBT 1FB€£ staaswmmg c@ll phid GKehwixtdinaB Adkdcel |

pairs (N), cross sectional area of 0.325 al | menbrane resistance 10
Chm chl(XUD;qbnE&Le M@@‘deﬁ@@uﬁatﬂéﬁbﬂ%gpﬁmd mwer et 86 AWatknBws 0. 03 cm
the stack .i nternal anc be cal cyhat hat,' d
ch, " r b PSR CcEey, Of)@'ﬂ?j ﬁ?ﬁ]ilaé’?ﬁ]c eg?r%ﬁﬁ Ikgg@nbfgrr ing L A% ¢ &% ‘A R
+R'1  base.

In some embodiments, a pair of membranes may replace a BPM. In at least some
embodiments, a CEM and AEM pair may replace a BPM. In accordance with one or more
embodiments, a BPM may be simulated by overlapping a CEM and an AEM. In these
configurations as illustrated in FIG. 6, a cell pair may include a CEM, an AEM and a
contacted CEM/AEM pair. Three streams may be required (acid, base and salt). In such
embodiments, three-chamber reverse electrodialysis may be achieved, thus potentially saving
one chamber in a cell pair. Simulating a BPM may be associated with lower cost and less
concern regarding delamination. A three-chamber reverse electrodialysis system may replace

a BPM-RED stack in treating acid and caustic wastes while harvesting energy.

The function and advantages of these and other embodiments will be more fully
understood from the following examples. The examples are intended to be illustrative in
nature and are not to be considered as limiting the scope of the systems and methods

discussed herein.

EXAMPLE 1
The electric potential across a membrane was measured with a laboratory test kit.

When one 31de was fed Wlth 1 0 mol/l HCl and the other side mth 1.0 mol/l NaOH the

BPM was used instead, the electric potential was measured as 0.78 Volt, compared to the
above calculated 0.828 Volt.

In accordance with one or more embodiments, an alternative ion exchange membrane
based electrodialysis system and configuration may be implemented which does not use a
BPM. The configuration, illustrated in F1G. 7, involves a cell pair with four membranes and
four chambers, compared to a traditional arrangement involving two membranes and two
chambers. Compared to the BPM-RED described above and illustrated in FIG. 3, CEMI1,

chamber 2 and AEM2 replaces the bipolar membrane and achieves a similar function.
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The possible energy output may be estimated by calculation assuming these stream
- concentrations: (1) chamber 1, 1.0 M HC1/ 0.5 M NaCl, (2) chamber 2, 0.5 M NaCl, (3)
chamber 3, 1.0 M NaOH / 0.5 M NaCl and (4) chamber 4, 0.5 M NaCl. In chamber 2, the
protons and hydroxyl ions may be neutralized. In the diffusion process, it may be assumed

that the pH at the CEM side is 5 and the pH at the AEM side is 9. Thus:

aRT . {a) 1.5
E gy = 2oln 2 0.0591 -1
AEM] z}? (a } 9 ngo S) 0 0'28 vol
T 4
Eepyy = ZL g ‘f‘” ~0.0591-log 1{}2) 0.296 voit
. =t / \1
aRT (1.0
E o mm e} =
ABd2 =" ﬁ[a )aﬁ(} 0551 . Iczgkw ) .296 voit
_ R
Eepys = zFTln(a )xa 0591- lag(és )me.ezs volt

Thus, a voltage of 0.648 Volt in total may be achieved. Further, assuming a stack
with 500 cell pairs (N), cross-sectional area of 0.325 m?, all membrane resistance 10
Ohm-cm? (typical heterogenecous membrane) and all chamber thickness 0.03 cm, the stack

internal resistance may be calculated as:

N d d d d
Ri;rl. - Rm[ + R "f" R 2 s chaaberl o+ chionber2 3 ehomber3 4 citamberd
4 chamberl  Kchomberz — Schauberd S ohamberd

0.03 003+003 093} - 6.30hm

a3 o DURNIE o S o 1. W ol

7 SR VAT u&uu_ RUHD S

(16+10+10+§0+

_ (N-J;:‘)‘* _ (500-0.648)°
" 4R, 4.6.30

Thus for a stack with 500 cell pairs, the OCV may be 324 Volt, and maximum power

= 4166 watt

output may be 4166 Watt. However in most applications, the external load resistance may be
much higher than the internal resistance. When external load is 1000 ohm, the power output

may be calculated by:

10



thaDu u.v.I'" tu v.ztmv Arlo (N E)2 (500 - 0.648)2 =4166watt 4Ri nt4-6.30
Thus for a stack with 500 cell pairs, the OCV may be 324 Volt, and maxi num
power output may be 4166 Watt. However in nost applications, the external

| oad resistance may be nuch higher than the internal resistance. Wen
external load is 1000 ohm the power output may be cal cul ated by:

500.0, 648 6.3 +100¢ A2 4 wat t
W ...........__5952!_. ‘R, = (M} 1000 = 104 wait
B + R, 6.3 +1000

A non-limiting system configuration is presented in FIG. 8. The effluents of chamber
1 (acid/salt) and chamber 3 (base/salt) mix together. The mixed stream is fed back as
influents in chamber 2 and chamber 4, and also fed to chamber 1 and chamber 3 to add salt
into acid and base. The system net effluents from chamber 2 and chamber 4, nearly
neutralized, go to drain or for further treatment. Thus, the net results are neutralized stream
and electric energy from acid and base wastes.

Membrane stability when exposed to waste acid and base may be a consideration,
especially anion exchange membrane contacting strong base. For cost reasons,
heterogeneous ion exchange membranes may be an option, but the chemical stability should

be a consideration. Salt addition in acid and base streams may or may not be necessary.

EXAMPLE 2
An experiment was conducted with a lab ED module to test the electric potential. The
configuration was similar to CEMI, chamber 2 and AEM2 discussed above with reference to
FIG. 7. Two platinum foils were placed to measure the voltage across the two membranes.
When all three chambers were fed with 0.5 M NaCl solution, the OCV measured by the foils
was only 0.03 Volt. When the chambers were fed with 1.0 M HCI, 0.5M NaCl and 1.0 M
NaOH, respectively, the OCV was measured as 0.52 Volt.

EXAMPLE 3
A lab module with Astom® CMX and AMX was built in accordanc with one or

ok

"""""""""""""""""" more embodimenis generally represente uy F10. 6 tivolving a coiilacis -4 CEM/AEM Paii.
The module cross-section area was 113 cm®. The module had 20 cell pairs with spacer
thickness of 0.4 mm. A resistor box was used as the electric load to verify the module power
output.

When hydrochloric acid (HC1) 5 wt.%, sodium hydroxide (NaOH) 5 wt.% and sodium
chloride (NaCl) 0.5 M were used as acid, base and salt streams respectively, and HC1 5 wt. %
as anode and cathode electrolytes, the voltage versus resistance data that was collected is

shown in FIG. 9, and power versus current density that was collected is shown in FIG. 10.

The test was at ambient temperature. In the test conditions, the maximum power output was

11



A non-limting systemconfiguration is presented in FIG 8. The effluents
of chanber 1 (acid/salt) and chanber 3 (base/salt) m x together. The m xed
streamis fed back as influents in chanber 2 and chanber 4, and also fed to
chanber 1 and chanber 3 to add salt into acid and base. The system net
effluents from chanber 2 and chanber 4, nearly nq{agral,i_zed, go to._drain or
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el ectri ' e f o YEORI PhEeSeali] 1 Ty when
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exchange nenbrane contacting strong base. For cost reasons, heterogeneous
i on exchange nenbranes may be an %&@I@b t the chemcal stability shoul d
be a consideration. Salt addition I nd base streans may or may not

be necessar yi, F{NBErifental runNTCEXRA SRMonNRSs 11040 B415di@ Shrtint, INZDH 8D ED
nodul e to test the electric potential. The configuration was simlar to

CEM , ch&hbes ugedasdagEizan, solNe€HO.80 ) sapiisad asetlbpissiee Ing ©rand 7. Two

platinumfoils re placed to.peasure the volta ranes.
Bhen aiopimedelfarstraSqapiCRa b enid A8 B RbRRD 7 N AR IR o e
by the RihSNWOS D% WhsQBed/& Base e, he Nataesd wisruged &tkaWistrbart. 0 M HCL,
0.5M NaCl and 1.0 M NaOH, respectively, the OCV was neasured as 0,52 Volt.
EXAMPLEHEI 5 wt% veas ushd ppaiaide ansl eathods deqiiolytene botlyexmormzatal puss) A kah

accordance W 2 ' 2 FIG 6
ol vi Mook s iRl B agib i el o SREP I TREERFBATN "o 113
cn2. The nodEIGE 1haes2hls oelidgepad howet ddta Srabefirs biekiness! ain. E1E. dh A

resi stor box was used as the electric load.to verify, the nodul e power

out put . Presents YRHage FRARYES dgte; fer 'géiS‘EFo(nﬂiéﬁean%t‘?ﬂWns WW%%&WS&P@BW( NaOH) 5
w. % a i Aoyl ) 0.5 Mwere used as acid, base and salt
strearn;né;j@'lrtgefsg e‘%:étg}.l‘%g:"gfﬂegﬁ’d%%gg'm. % as anode and cat hode el ectrol ytes, the
vol t age[VETSUS Tesi[STange data  haty Wamodel | cted is shown in FIG 9, and
power versus current dershdy thatyascsektecled is shown in FIG 10. The
test vap, gt anPL/eR| (enggfature. 1n jpe test condi tions, the maxi mum power
out put was—about 3. 2-Watt—+fthe meghant ca | eakage in the nodule were to
be m ni Wa;g,qmg(tq,?mg) rnr‘lné'sq"nllpl e _used-"3s anodé/ cat hode el ectr ol yt e, a hi gher
power output coul d be expected. EXAMPLE 4 In a first experinental run,
HCL 5 wt % sol ution was used as acid stream NaOH 5 wt % was used as base
stream and NaCl 0.05 M was used gsxamfHLES4ream In a second experi nental
run, an industrial acid waste solution having a pH of about 0.7 was_used as
aci d st ream InNafiist &xpatintenabruns &4 lders o5&’ sStw@amlutawwwawr@l.l@sd R% 98d used

as salt_stream,. HC1 % used . (e {n
bot h ex%@ﬂﬁwzﬁ]tlﬁf’fs P Gﬁé&kg }&2‘%’ “r’r%scfg?lg&(lﬁ&ggse%aeggtr%ag]ii’gggﬁaﬁ%%g)trsohgs‘%qssglg?ﬂl onal
area of 35581t e f % Mascehffigh@ianBed Nnraesond experimental run, 1.5 liters of an

industrial acid waste solution having a pH of about 0.7 was recirculated as acid stream, 1.5

liters of NaOH 5 wt% was recirculated as base stream, and NaCl 0.05 M was used as salt

stream in a once-through manner. Recirculated HC1 5 wt% was used as anode and cathode
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first experimental run. A 0.1 amp current (16.96 amp/m°) followed by 0.05 amp (8.48
amp/m?) current was used in the second experimental run.

Energy data for the first experimental run is presented in FIG. 13 and summarized
below. Enecrgy was generated by the module from the HCL 5 wt% solution with an efficiency
of about 15% compared to the theoretical yield.

12



FIG 11 presents voltage and power data for the first experinmental run.
FIG 12 presents voltage and power data for the second experinental run.
Maxi mum power output data is presented in the table bel ow Pnax
(watt/cp/ n2) 500 cp size nodul e: 0325 nmRtcp (watt) Ha 5wt % (1.4M H) 9. 77
1588 Waste.ac d (0.2 . 3.:30..536.

Energy data for the second experimental run is presented in FIG. 14 and summarized

below. Energy was generated by the module from the waste acid with an efficiency of about

5% compared to the theoretical yield.

The energy yield could be improved by addressing potential mechanical leaks, proton

diffusion and operational issues associated with the modules.

EXAMPLE 6
About 200 to about 400 tons of sulfuric acid waste may be produced when
_.manufacturing 1 ton of titanium white. Assuming 0.2 M acidity of the sulfutic acid and 3% = |
module efficiency, 64.8 kWh/ton Ti of energy may be generated. Assuming 0.2 M acidity of
the sulfuric acid and 50% module efficiency, 672 kWh/ton Ti of energy may be generated.

EXAMPLE 7
A copper and gold mining and processing plant may be associated with a treatment
capacity of 12,000 m® of acid waste per day. Assuming 0.2 M acidity and 5% module
efficiency, 25,920 kWh/day of energy may be generated. Assuming 0.2 M acidity and 50%
module efficiency, 268,800 kWh/day of energy may be generated.

13



EXAMPLE 5 In a first experinental run, 1.5 liters of HCL5 wt % sol ution
was recircul ated as acid stream 1.5 liters of NaOH 5 wt % was recircul ated
as base stream and NaCl 0.05 Mwas used as salt streamin a once-through
manner. In a second experinental run, 1.5 liters of an industrial acid
waste solution having a pH of about 0.7 was recirculated as acid stream
1.5 liters of NaOH 5 wt % was recircul ated as base stream and NaCl 0.05 M
was used as salt streamin a oncegxXKipgh granner. Recirculated HCL 5 wt %
was used as anode and cathode elect-ray-1.es in both expel:trued: dal runs.
A 0.1 arri p Theifollowing .de®, ay pregsmiedAn F\I\ﬁslﬁ |V@L§A011¢pt¢d1%0mlar@mlﬂé%bg9¢¢%rﬁ0al

Efd?reng sf%r@aﬂﬁfﬁ@ri‘ﬁ} e R el e =fﬁ?ﬂ* " Peneray data for the

di ffus
About
manuf acturkag: ‘ g : ;

sul furic acid and 3% nodul e eff|C| ency, 64 8 kV\h/ton Ti of energy may be
generated. Assuming 0.2 Macidity of the sulfuric acid and 50% nodul e
efficiency, 672 kWh/ton Ti of enedg@AMELESE generated. EXAMPLE 7

An economic model was constructed based on select cost assumptions. Also assumed
was a 500 cell pair module with a cross-sectional area of 0.325 m?, configured as in FIG. 6.

Total CEM is 325 m” and total AEM is 325 m°.

Power yield was expected to be even higher when improved power management is achieved.

 Having now described sorme illustrative eimbodiments, it shouid be apparent to those
skilled in the art that the foregoing is merely illustrative and not limiting, having been
presented by way of example only. Numerous modifications and other embodiments are
within the scope of one of ordinary skill in the art and are contemplated as falling within the
scope of the invention. In particular, although many of the examples presented herein
involve specific combinations of method acts or system elements, it should be understood
that those acts and those elements may be combined in other ways to accomplish the same

objectives.

14



A copper and gold m ning and processing plant may be associated with a
treatnment capacity of 12,000 n8 of acid waste per day. Assunming 0.2 M
acidity and 5% nodul e efficiency, 25,920 kW/ day of energy may be
generated. Assuming 0.2 Macidity and 50% nodul e efficiency, 268,800

kWh/ day of eper may be geper ated. LE 8 The fol ]l owm ng data, as
presented i nﬂl*—ﬁ %%efg,gre\%}é‘?%ég?tleé‘ﬁo Hn?fgme ﬁ?‘ﬁqul’ %t%ﬁﬂdé?ﬁg?fy\sncp. 1.5
liters @fcddiel IRrith BVRS likBRHNE HhRicaloR® thD8etditd 6k ®hbRafion aRKMPLE 9

An econom ¢ nodel was constructed based on sel ect cost assunptions. Al so

assunedarvagemesod compbngisd set fthuinghevfollevangdessrpiymcariivstatedringheof 0. 325 np,
configured as i.n ElLG. 6. Jotal. CEM s 325 d i )

Poner “yIEPBPTRA B EIRS: T8 dBdoe et e M a S e E i e

i s achi gugkbr embodimdi@VindhMeiMgdesaickd eflo B ddrlietsoutat vingoeriandi nents, it
snowct be apparent to those skilled in the art that the foregoing is nerely
i |1 ust r Bxanpieseispagtic implemieAgtionsaie R viksdhepiie & it edragye Rarpotss O@g’aéi*?éll e

only. | fil . 0Ns . I | -1 hi :he scope of
one” of T BPE e aB b el 1B e Bl B e R TP he
scope ofonnb&idnwignanyoshe drimgraeinbodingnts sat hivdnghdedbtoybeakcluied Brmmdimdar
present ed herei gtﬁrnl\_/ng’l (\f_e speci fic conbinations of nethod acts or system

el ement®'e inany pHr gmie stood that those acts and those el enents nmay be

combi ned in pfARKIHRY H e _aﬁ%ﬁ@uﬁﬁlaP RO SARE pARnRRtd MSconfigurationd T 1S O
be appreciated that enbodi ments of " the devices, systens and net hods

di scussdgchiprddiencinre axomplaryandthiat acteg) phiapetdroand/or conéiguratiand wilbdepend
construction and the. arran nt, of componenis set forth in the faqllow ng
Gesor | bt U Sareiis pRiLieLE HCE e SeEanBan e R e R st el

syst ensTRAE skl ffthe AHEL6@R ARG ®fgni AR 8FBPIAS h@RrthiR, Kifeho AIEROGRAENt S and
of being practiced or of being carried out in various ways. Exanples of

speci f i wulinpexnepineatalionseqaivelepisdvitiiesbepidicaimboionents oiibe raenyen. plhisposes only
20,2 ST B Rl SRl BB RSB RIS S,
I nt endegkah@plden]ual taedvifHio Meascspadf thé apppnded ¢laidmyandtdyaivaRatiabérownils.
invention may be practiced otherwise than as specifically described.
Moreover, it should also be appreciated that the invention is directed to each feature,
system, subsystem, or technique described herein and any combination of two or more
features, systems, subsystems, or techniques described herein and any combination of two or
more features, systems, subsystems, and/or methods, if such features, systems, subsystems,
and techniques are not mutually inconsistent, is considered to be within the scope of the
invention as embodied in the claims. Further, acts, elements, and features discussed only in
connection with one embodiment are not intended to be excluded from a similar role in other
embodiments.
""""""""""""""" e .':jlfﬂé'lpﬂr.aséoliO'.gy' aﬁc'i téfrnihoidgy us.e.d.' her.ei.n'is for ﬁié.i)ﬁrp.ose"bf '&esélipiioﬁ and”
should not be regarded as limiting. As used herein, the term “plurality” refers to two or more

e EEN1Y

items or components. The terms “comprising,” “including,” “carrying,” “having,”
“containing,” and “involving,” whether in the written description or the claims and the like,
are open-ended terms, i.e., to mean “including but not limited to.” Thus, the use of such
terms is meant to encompass the items listed thereafter, and equivalents thereof, as well as
additional items. Only the transitional phrases “consisting of”” and “consisting essentially of,”
are closed or semi-closed transitional phrases, respectively, with respect to the claims. Use of

ordinal terms such as “first,” “second,” “third,” and the like in the claims to modify a claim
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Those skilled in the art should appreciate that the paraneters and
configurations described herein are exenplary and that actual paraneters
and/or configurations will depend on the specific application in which the
systens and techni ques of the invention are used. Those skilled in the art
shoul d al so recognize b e to ascert usi o nmore t outi ne
cxpor | ARG T s o eNTE B D G et SO 05 BPTE RETRRUent | on.
't is ther slne &r%eb@mw@%@%pﬁdwm@actg Bea pieedisrepdrforfhes Ihit BRMisB@r ei n are
presented by way of exanple only and that, within the scope of the appended
cl ai s raerdlyersUrhel tertiginghish enoclainhelemeviehavingn ersipireans Gemiasetenelnmeni se
than a S eci fical r|b v I

appr ec VB 4 1t e GRUER bR e orginel KPR G M BeBue

subsyst em oOwhhieig bnimekisdescri bed herein and any conbi nati on of tmo or nore
features, systens, subsystens, or techni ques described herein and any

conbi nation of two or nore features, systens, subsystens, and/or nethods,

if such features, systens, subsystens, and techniques are not nutually

i nconsistent, is considered to be within the scope of the invention as
enbodied in the clains. Further, acts, elenments, and features discussed
only in connection with one enbodi nent are not intended to be excluded from
a simlar role in other enbodi nents. The phraseol ogy and term nol ogy
used herein is for the purpose of description and should not be regarded as
limting. As used herein, the term"plurality” refers to two or nore itens

or conponents. The terns "conprising,” "including," "carrying," "having,"
"containing," and "involving," whether in the witten description or the
clainms and the like, are open-ended terns, i.e., to nmean "including but not

limted to." Thus, the use of such terns is neant to enconpass the itens

| isted thereafter, and equivalents thereof, as well as additional itens.
Only the transitional phrases "consisting of' and "consisting essentially
of ," are closed or sem -closed transitional phrases, respectively, with
respect to the clainms. Use of ordinal ternms such as "first,"” "second,"”
"third," and the like in the clains to nodify a claim elenent does not by
itself connote any priority, precedence, or order of one claimelenent over
anot her or the tenporal order in which acts of a method are perforned, but
are used nerely as labels to distinguish one claimelenent having a certain
nanme from anot her el enent having a sanme nane (but for use of the ordina
term to distinguish the claimelenents. What is claimed is: CLAIMS 1. A
reverse el ectrodial ysis system conprising: an anode; a cathode; a load in
el ectric conmuni cation with the anode and the cat hode;
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a first chanber, positioned between the anode and the cathode, bounded by a
first ion exchange nenbrane and a bi pol ar nenbrane, the first chanber being
in fluid communi cation with an acidic waste effluent stream and a
second chanber, positioned between the anode and t he cat hode, bounded by

t he bi pol ar nenbrane and a second i8n ﬁgﬁhange menbr ane, the second chanber
being in fluid comrunication with a k4 ic waste effluent stream 2. The

system pof cl ai IS} -third chanber, positioned between
Pe anlS rRetse eﬁé&ﬁ%@?ys%%ﬁﬁ%ﬁga&ggpﬁslﬁé?

t he anod t he catho t he second i on exchange nenbrane and
a third ion axaedage nmenbrane, the third chanber being in fluid

communi cation wth a salt solution source. 3. The systemof claiml1,
further conpﬁ?%&%ﬁ’a recycle systemconfigured to recirculate the acidic

wast e ef f | ueplyadid &edhit SothR@nfchiiet with @flbode add thikRgthsyst em of claim 3,
wherein the recycle systemis further configured to recirculate the caustic

wast e ef f | uenfirsbehagber.tpositinaedsleatwerh thi ansierand e cathnsleshamded by 2 dirgtiion 1,
wher ei n,t tem | truct ed hte arm .
A e

her ™ "chem cal "energy to

el ect r i witleAeh@ic wadte efNeerd ¥séaia@ll cl aim 5, wherein the systemis
constructed and arran%ed to mx the acidic waste effluent stream at an

outl et of t Heseeppds¢hagibspipesitigngdrbetweenthe anqde apd dhecathadeyaynded betis at an
| . i 7.
oHt L et Ebolkd iR RBHAR dpf DUIBRH idrPed Rl n e AUk GAHIECbind in TR, SYSL €M

of clai erern e systemturtiter conprirses influid
comunigeaimmiicationhwithwecasti¢ wasit affluent seamce. 8. The system of claim 1,
wherein the acidic waste effluent conprises hydrochloric acid. 9. A nethod
of treating effluent waste, conprising: providing a reverse el ectrodial ysis

systemy, The system of claim 1, further comprising a third chamber, positioned between the
anode and the cathode, bounded by the second ion exchange membrane and a third ion
exchange membrane, the third chamber being in fluid communication with a salt solution

source.

3. The system of claim 1, further comprising a recycle system configured to recirculate

the acidic waste effluent stream to the first chamber.

4, The system of claim 3, wherein the recycle system is further configured to recirculate

the caustic waste effluent stream to the second chamber.

5. The system of claim I, wherein the system is constructed and arranged to neutralize

the acidic and caustic waste effluent streams while converting their chemical energy to
“eleotric energy.”

6. The system of claim 5, wherein the system is constructed and arranged to mix the

acidic waste effluent stream at an outlet of the first chamber with the caustic waste effluent

stream at an outlet of the second chamber to form a salt solution source.

7. The system of claim 6, wherein the system further comprises a third chamber in fluid

communication with the salt solution source.
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fluidly connecting a source of acidic waste effluent to a first chanber of
the reverse el ectrodi alysis system fluidly connecting a source of

caustic waste effluent to a second chanber of the reverse el ectrodialysis
system collecting a neutralized effluent streamat an outlet of the

reverse, el ect,rodi al ysi s.system .and ... royi ding a | oad be en ap anode
hnd o dat hodtegySERtbyds e TEub e saidia yale i ehiinhysranmee et o
energy. 10. The nmethod of claim9, wherein fluidly connecting the sources
of acidic and caustic waste effluent conprises fluidically coupling a

sem corfduct ok nfctlndi df drcpidrg ofleenttwaste, comptieng:ever se el ectrodi al ysis system
11. The nmethod .qf claiml her c% )rising recycling the acidic waste

f Uk
ef fl uent to FREVEAITVEiA %IFO%EaH)iSiS S et hod of claim 9, further

conprising rGy |cbﬂ&ctih%a@@¢t§é bEacl@is baseictiluabto 4 first BaingRe onNtheGORREr . 13,
The nethod of claim9, further conprising delivering the neutralized

ef f | uerflecsOABl#IStYSEME hi rd chanmber of the reverse el ectrodial ysi s system
14. The net f i g I S4 i.SG i tralized
of 1 uont ot Fauay cofieBil 2ol b8k, SETREL SRS SEAM AbORARY  cat | ng
t he neutveatd dedrodidlysiesyistent;r eam prior to di scharge. 16. The net hod of claim
9, further coH*prisi ng ad',ustng an electric restj tance o{ t he | oad.

collecting a neutralized eftluent stream at an outlet of the reverse electrodialysis

system; and
providing a load between an anode and a cathode of the reverse electrodialysis system

to harness electric energy.
10.  The method of claim 9, wherein fluidly connecting the sources of acidic and caustic
waste effluent comprises fluidically coupling a semiconductor fabrication operation to the

reverse electrodialysis system.

11.  The method of claim 10, further comprising recycling the acidic waste effluent to the

first chamber.

12.  The method of claim 9, further comprising recycling the caustic waste effluent to the

second chamber.

13.  The method of claim 9, further comprising delivering the neutralized effluent stream

to a third chamber of the reverse electrodialysis system,

14.  The method of claim 9, further comprising discharging the neutralized effluent

stream.

15.  The method of claim 14, further comprising treating the neutralized effluent stream

prior to discharge.

16.  The method of claim 9, further comprising adjusting an electric resistance of the load.
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17. A reverse electrodialysis system conprising: an anode; a cathode; a

|l oad in electric communication with the anode and the cat hode; a first
chanber, positioned between the anode and the cathode, bounded by a first

i on exchange nenbrane and a simnul ated bi pol ar nenbrane conprising a cation
exchan%ﬁ,ne rane c UF| d. to an ion exchange nmenbrane, the first chanber
being in-flul c‘]e‘f‘?&’?ﬁfﬁ? redip|ySs SYFER: SO c waste ef fluent stream a
second chanbgyanop@sitioned between the anode and the cathode, bounded by

t he sinul ated bi pol ar nmenbrane and a second i on exchange nenbrane, the
second chanbeeatipsieng in fluid communication with a caustic waste effluent
stream and .a,thi.rd chanmber. i.ti oned between the anode and the

cat hode, bodh@@ﬁHb§e$ﬂ30@8@%3&aﬁ%h&§§5fgﬁg@eﬁ% SAdod%d a third ion
exchange menbfiafghantRe politibAeThawbal theahdtl and the thtlbdeObamdEL BY b Gitstibd h a
salt solution source. 18. The systemof claim17, wherein the salt

sol ut i o¥¥changedsrenalypRy Insiassimulisd: tipdapmemheang 6PMPHSIRR 8 CALQIF $YCHEE st r eam

N rbenbBrabl t3p AR BRRAEANARE eI URA HEBRTH Bl | 19 Lhe ThiTd

chanber. SsI's system co&%r|5| g: an anode; a
cat hodegonamiedionwied fcididic waswelihienastteam;wi t h t he anode and the cat hode;

a first chanber, pasitioned between the anode gnd t he cat hode, bqunded by a
first ion ext4 Ck}‘i‘_ﬁ#ﬁﬁé’ﬁé‘“ﬁﬁ?ﬂ@“é’ i anegs ag é]H%l dl‘?gh‘[ﬂngﬁ%}?y ﬁﬁe first
chanmbery 86108 tifolh MLALGRITMN: SRLhE fortdharfdR nGhthie, RSB0kl dHlatfpRf Stream
and a salt solution source,;
being in fluid communication with a caustic waste effluent stream; and
a third chamber, positioned between the anode and the cathode, bounded by the
second ion exchange membrane and a third ion exchange membrane, the third chamber being

in fluid communication with a sait solution source.

18.  The system of claim 17, wherein the salt solution source comprises a mixture of the

acidic waste effluent stream exiting the first chamber and the caustic effluent stream exiting

the third chamber.

19. A reverse electrodialysis system, comprising:
an anode;
a cathode;

a load in electric communication with the anode and the cathode;

a first chamber, positioned between the anode and the cathode, bounded by a first ion
exchange membrane and a second ion exchange membrane, the first chamber being in fluid

’ commumcanonwnn an ;Iéidié Qasté'ef"ﬁuén{ 'siréafn‘ anaasa,lt soliuti:bn 'soﬁrcé.;'. . o

a second chamber, positioned between the anode and the cathode, bounded by the
second ion exchange membrane and a third ion exchange membrane, the second chamber
being in fluid communication with the salt solution source;

a third chamber, positioned between the anode and the cathode, bounded by the third
ion exchange membrane and a fourth ion exchange membrane, the third chamber being in
fluid communication with the with a caustic waste effluent stream and the salt solution

source; and
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a second chanber, positioned between the anode and the cathode, bounded by
the second i on exchange nenbrane and a third ion exchange nenbrane, the
second chanber being in fluid conmmunication with the salt solution source;
a third chanber, positioned between the anode and the cat hode, bounded by
the third io 0 ' el , the
third chanbeérijg%@%g&?ﬁerﬁ (Egl?ﬁ cgr?;%eggﬁ ééxﬁ)ﬁgmafgcﬁfh? ﬁéﬁ\t}ma%]%%g caug? |H§ wast e
ef f | uenfough i@aerchmtpetranimahd asd fifth ion sebage;manlgtane, the foush chambdr belngnber ,
posi ti o_nefﬂ%igt ween, t he anoﬂ}e ard t he cat hode, bounded by the fourth ion
exchang@ eramynicalionwith thesaft SRIVEQR AAKEE nenbrane, the fourth chanber
being in fluid comrunication with the salt solution source. 20.The system
of claim 19, wherein the salt solution source conprises a mxture of the
aci di ¢ 2tast eThf §yisteenef daimehwderein thg sah eolittion sourteagviperisana mitierecdubse | ¢

effl uen&cicﬁg o ré]e‘iaﬂ(lﬂetn!c g}gea}nheexittir?gl trh(tz:ai ﬁcrsqa}:ﬁbm%[)ér and the caustic effluent stream exiting

the third chamber.
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