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(57) Abstract: The fluid purification disclosed herein provides the advantages of high-voltage purification without electrocution
risks. In illustrative purifiers, a contaminated tluid, such as contaminated water, is aerated and passed through a cavity that contains
highly porous piezoelectric material and an ultrasonic transducer. The transducer emits ultrasonic energy that causes the piezoelec-
tric material to discharge a high-voltage field, which produces strong oxidizing agents that kill organisms and oxidize organic pollut-
ants. Since the ultrasonic actuator operates at relatively low voltages (e.g., 20-110 V) and can be electrically isolated from the fluid,
illustrative purification is safe, environmentally friendly, and scalable from small to large size applications.
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Pievoelectric Discharge Water Purification

BACKGROUND

106681 Electrical disahargﬁs i acrated water produce OH, 1, &, Oy, Ha(y, which
are among the strongest exidizing agents. These specics destroy bacteria and oxidize
many harmivd organic pollutants in water. There has been wuch intevest 1n using
eloctrical discharge to purify water since it is more environmentally friendly and
more effective than purification with conventional oxidants and disinfectants.
However, use of the high voltage reguired for electneal discharge in water is an
clectrocution hazard. B is also difficult o get uniform cloetrical discharge overa
large volume of waler. A safe and effective way to disinfoct water is needed that

takes advantage of electrical discharge purification
SUMMARY

j0862] An axempi:;;ry fiuid purifier includes a vessel that defines & cavity toboid

!
comtaminated fluid, such as contaminated water, The cavity also contains
pieroelectric material and an ultrasonic transducsr that applies ultrasonte energy o
the piegosiectric matenial 50 83 to cause the piczoelectric material to emit an
clecinical discharge {e.g., of 3 kV or more). The clectrical discharge purities the
contaminated Huid i the cavity, e.g., by creating oxtdizing speciey in the Huid that
yeutralize organic pollutants. An aerator may aerafe the incoming fluid to provide
additional oxygen for the oxidation reaction.
0831 1o some ombodiments, the cavity is resonant at a frequency of the
pitrasonic energy and has one or more interior surfaces that reflect at least a portion
of the ultrasonic energy. The vessel defining the cavity can be formed at least in part
of stainless steel, copper, nickel, andVor any other material that veflects ulirasomic
energy and resists corrosion. Exemplary purifiors may also have an inlet 1o receive
fhaid into the cavity and an outlet to discharge purified fluid from the cavity.
Optional flters disposed across the inlet anddor the outlet flter fhaid received o

and discharged from the cavily.
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W88 Uxemplary piczocieciric Huid purifiers are partioularly well suited to
purifying squeous solutions, such as water {even sall water) in places without

~

. They can also be used {o purity water

from wells, lakes, streams, storage containers, ete. E‘(smpifdr}f piezecioctric fluid

the ultrasonic transducer {e.g., batteries, solar cell, or generator), The plezoclectric

vq.,

water purthication cells disclosed hevein can be scaled from small to very large

n.g.J

[6628]  Advantages of the flnd purifiers and puri

all the benelits of lngh-volisge water purification withawt the hazard of

elecirocution. Fluid pwrifiers of the present technology provide significantly greater
purification over ulfrasonic cavitation-only purification at a lower energy
consumption levels. The elcetric discharge from the stinmulated piezoslectriz

c¢he

matertal within eac

el also provides a continuons cleaning action on the cell itself

veally induced purifving eleetric discharge may be
ced by the ultrasonic transducer (o forther purify
ated water) within an illustrative purification cell,

wethods of the present technology provide

s to purification with chemical oxidants, such as
chlorine or todine compounds. As o result; Husteative purification technigues of the

present technology can be used to purify water without introducing a chemical taste,

= 2 Lty
HOI3] FIC. 1 shows an exemplary pieroelectric Hodd poriticstion cell 100 that

meindes & vessel 10 fabricated from statndess dteel, copper, nickel, anddor other

N

material that reflects ultrasonic waves and resists corrosion and deterioration due to
ultrasonic forces. The cavity 112 contains an ultrasonic ransducer 130, which emita

& COMPression OF Wansverse continuous wave at a freguency from about 20 ks o

about 1 MMz Other suitable operating ranges inclode 25-800 kHz, 25-250 kHz, and

,.,->
LAy
o,

et
.
&
e
-

30-100 kHz. Specilic example freguencies include about 25 ki, about

SO &Hz, about 175 klz, sbow

[

gbout 78 kHz, about TOU &Mz, about 125 &z, about
200 kHz, about 225 kHz, about 250 kHz, and ranges between any two of these
values. The frequency of the transducer 130 can be matched to the cavity

S
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o

dinensions such that the hoaght of the transduoer 130 from the bottom of the cavity

ey
b
P
ey
bt

[

12 1s o multiple of half the wltrasondc wavelongth in the Bodd being purified to

within a certain tolerance, ey, one-tenth of the wavelengih in the fhud. In other
words, the cavity 112, when Gled with water or another fluid, resonates at the

fmquam:y of the ultrasonic energy emitted by the transducer 130, For example, it the

uitrasonic frequency is 100 kHz, then the cavity height is an integer multiple of

e I
;
$

about (.75 om, which s half the wavelength, in water, corresponding to 100 kHz, o
within g tolerance of 4.15 om

0241 The cavity 112 alzo contams at least one prevoclectaie materish—~in this
case, porDus picrocieciric particles 120--that respond 1o ultrasonic energy emitted
by the transducer 1380, (Alamatively, the prezeciectnie material can be non-porous. §

B

The particies 120 gre unconstrained within the cavity 112 (e, to the extent aliowed
by their sive and the cavity walls), A sereen 1480 at a distal end of the cavity 112
prevends the particles 120 from bemg Qushed cul of the cavity with purifiod thad 240,
Pressure exerted by incoming flwid 10 prevents the particles 120 from exiting the

cavity 112 via an inlet 144 at & proximal end of the vessel 118, The purifier 109 may

include an optional sereen {(not shown) positioned at the tnfet 144 1o catch particles

10028) v oporation, contammated Huid 10, such as contamingted water, flows into
the gavity 112 via the inlet 144, The transducer 130 emits ultvasonic energy that

<

exerts a mechanical strain on the porous piezoclectrie particles 128, which respond

o the strain by emitling an clectrics] discharge {eg., of abont S kV or o) that

b

wroduces chemical agents, such as oxidizing species, i the fhuid 1 The electrieal

its duration depends in part on the amount of charge separgtion and the conductivity

s ¥ =

of the breakdown channel, Diclectric breakdown of the fiund 10 Hmdts the anaplitude

ot the clectrical discharge, which could exceed 3 MVim. Any ultrasonic waves that

are not coupled to the particles 120 scatter off the particles 120 andfor reflect oft the

intevior walls of the ca\%iv 112, Depending on the geometry, the scattered/retlected

that further stimulate the pleroclertric particles 126 until the ultrasonic energy is

completely dissipated within the cavity 112 and/or sbsorbed by the porous
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T ‘i

hus further stimulation causes the particles 120 to ot

move electrical discharges, which in turs vields larger quantiiies of the chemical

160261 The chemical agents may by “Sud idizing species that oxidive
{0026]  The chemical agents may be or include oxidizing species ¢
organie pollntants i the contarninated fhad 10, Bxe mp‘my xidizing spoeics

include, but are not limited to, OH, E‘,E’ﬁ‘ {3, Oy and MOy, This oxidation reactions

i

transtormos the contaminated fuid 10 into purified fndd 20, which fows out of the
2 vig an outlet 142 at the distal end of the cavity 1120 Reaction rates may
e very fast, e g, 010" M e for OB Any oxidizing species left after the
purifying oxidation resction decay within a few minutes. The reaction products are

oxidetion byproducts, which are less harmiul than the precursor. However, these

byproducts can remain dissolved in the water. Some byproducts will go ofta

Uy Laey

< g

which may be a fine, stainless steel mesh, traps small particies n the porified fluid
20 as the pwrified fuid 20 flows toward the outlet 142, The discharged purtiad {had
o8, drinking or bathing in cases where the purified

{H27] The puwrification can be full or partial. The concentration of one or more

r‘;ﬂﬁ

»

organic pollutants in the contaminated Duid 10 can be higher than the concenttation

of the one oy more organic poliutants in the purtfied fhud 20, The percent redoction

in conventration can generally be any percont reduction. Speciiic examples include

4"\!({!

about 109, about 20%, about 309, about 40%, about 30%, ahout 60%%, about 70%,

about 80%, about 90%, abowt Q5% about 9644, about 97%, about 8%, about H9%,

and ranges between any two of these values, Inoan ideal situation, the perecent

L g o

reduction 3s 100% {that is, the purified Huid does not contain a detectable level of

FOE8E  The ultrgsonic energy emitted by the transducer 130 can also cavitate the
fluid 10 ransferring greater energy to the pigro-glectric particles. In other words, the
ultrasonic energy may cause vapor pockets to form and collapse quickiy in regions
of very low prossure within the fluid 10, In addition | slirasonically nduced
cavitation can further purify the contaminated fluid, e g, by damaging or killing
microorganisms tn the contaminated flud,

o
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generator 332 that dryves the transducer 330, For example, the programmabdle
wavetorm generator 332 can be programmed o entll a continuous~wave {ow} signal

at & single fregquency (eg., 100 KHz), otherwise known as a tone, that resonates

N

within the cavity 312 a combination of tones {e.g., 25 kM2 and 100 kHz) that
gsontate within the cavity 312; & pulsed signal, such as 8 resonant tone thal fens on

and off; a signal that increases and/or decreases in frequensy, e.g., 25-100 kHz,

otherwise known as a chirpod signal; or any combination of the aforementioned

ho wavetorm generator 332 can slso be used {0 vary the amplitude of

i

e ulfrasonie wavetorm emiited by the ultrasonde transducer 330, The optimum

3
¥

lirasonie waveform can be determined experimentally and may depend on the

g

density of pieroeiectrie particles 320 in the fluid 14, the ultrasonic energy, and the

18033 FIG. 415 a Howdhart that (Hustrates refrofitting a section of municipal watsy
pipe or other Huld-carrying fumen to perform prezociectric purification according to
siven above., I nocessary, the intertor of the pipe section is lined (402)
with copper, nickel, stuinless steel, or another material that reflects ulirasonic energy
and does not corrade. Next, a mesh scrcen or other filler is installed at g distal end
of the section of pipe (404}, Porous piezeslectric material i loaded into the pipe
section on the proximal side of the mesh sereen {4063 An ultrasonie transdocer is
instalted opposite the {oplional) lining along a length of the pipe section wﬁ%} In

T

some cases, the transducer 1§ placed within the lumen defined by the pipe 4R IR
other caxes, the transducer is disposed along the exterior of the pipe sectfon. Annther
{optinnal} screen or filtor may be installed acress the proximal end of the pipe

eclion to remove debris from the water {or other Huid) entering the pipe section.

The optinwum drive wavelorm is detennined experis m,muihg e.g., by measuring the

3
b
3
&
7
£n
C;
1A
[ e)
et
O
C'j
w.
U 4
]
oo
T
s
Ly
FS
ey
%
L
S.‘.,"
>.;
w;
Le"
-~
el
Lt
4
v
hot
m
&
£
o
b
e
3.
fred
e
Pf)
23
oot
o)
%
4
jos
[,
18]
-
|4
e
o
w3
%
o]

B836)  FIG. 5 shows an iHusirative embodiment 500 of a portable purifier suitable

for camping, disaster relief] temporary events {e.g., concerts), etc. To wse the purifier
560, one fills a cavity 512 formed by container 310 with suspect or contaminated
fluid, such as brackish water. A screen 5340 placed across the top of the cavity $12
prevents large particles, such as rocks or pieces of soil, from entering the cavity S12
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nderacting components and/or logically interacting andfor logically inleractab

herein, those having skill in the art can transiate from the plural to the singalar
and/or from the singular to the plural as is sppropriate to the contexd andfor

application. The varions singular/plural permutations may be expresaly sot forth
horem for sake of clarity,

hevein, and especislly in the agspended claims {¢.¢., bodies of the appe
are generally intended as “open” terms {e.g., the term “including” should be
miterpreted as Vinclnding but not limited 0, the teom “having” should be interpreted
cast,” the term "mcludes™ should be interpreted as Minctudes bot 18 vot
fnited fo,7 ote.), It will be further understood by those within the art that if e
speaitie number of an introduced claim recitaiion is mtended, such an mtent will be
exphicitly recited in the claim, and tn the absense of such recitation no such intent is

present. For example, as an aid to understanding, the following sppended claims

may contamn wsage of the introductory phrages “at feast ong” and “one oy niore” ©
introducs olaim rectiations.
{6044]  However, the use of such pleases should not be construed to imply that the

introduction of g-claim recitation

3
)

by the indefinite articies “a” or “an’™ Himits any

mtroduced olabm rectation o inveniions containing
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onty one such recitation, even when the same clamm includes the ntroductory

Ca g

“at feast one” and indefindte articles such ag “g” or “an”

EN

should typically be interpreted to mesn “at feast one™ or “ong

or more”y; the same holds true for the use of definite articles used to ntroduce claim

recttgtions. In addition, oven Ha specific munber of an introduced olaim reciiation

isexplicitly recited, those sialled in the art will recognize that such recitation should

an

typteally be mierpreted to mean at

[u—)

cast the recited number {e g, the bare rectiation
of o rectiations, M withont other modifiery, typically means at least two

*‘i‘\“uﬁi{}ﬁ}& Or Pay OF more rectiat C‘I’}\}
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*

Phe fluid purifier of claim 1, wherein the at least one pieroclectric

P
oy
N

material includes porous plezoelecirio particles
120 The fhud parifier of claim 1, wherein each of the porous piezociectric

particles has o diameter of shout 1 mm to about 10

i3 The thaid purifier of claim 12, wherein the porous piczoclectnic

particies have a pore size of abowt 0.1 um to abowt 1w,

$ ]

“he fluid purifier of claim 12, wherein the porous piezoclectric

p—y

particies have a porosity of up to at Teast about 80%.

s £

15 The thad purthier of claim 1, wheremn the at least one picoznelectric

material is free of lead

7. The fluid purifier of claim 1, wherein the af least one ultrasonic
transducer operates at g voltage of about 20 V to about 110V
18, The fhud purificr of claim 1, whereln the at lsast one ultrasonic

transducer 18 disposed slong an hner surkace of the cavity,

19, The Uuid purilior of claim 1, whereln the at feast one ultrasonie

transducer 1 rectangular or dise-shaped.
20, The fhud pwifier of claim 1, Rether including & wavelorm generator

to drive the at least onedirasonic transducer,

21, The thuid purifier of claim 20, wherein the wavelform penorator s
configured to be wned to g resonant freguency of the cavity.

22, The fivid purifier of claim 1, whereln the electrical discharge is ata

vollage of at feast about XV,
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34, The method of cladm 33, wherein each of the porous plezoslestsic

particies has o diameter of sbout 1 mm to about 10 mm.

Phe mothod of vlaim 33, wherein the porous plevoelectric particles

have a pore sie of about 0.1 pm to about T mum

36, The mesthoed of elaim 33, wherein the porous plezoelectric particles

have a porosity of up to at least aboot 80%.

el
F
i

The method of claim 25, wherein the at least one pigozosieciric

material 18 free of fead,

38, The method of claim 23, further including filling the at feast one

gavity with the fluid.

YN T
13

he method of claim 38, further including Hlering the fluid betore

A The method of claim 25, further including discharging the fiud from
the at loast one cavity,

41, Themethod of claim 40, further meluding filtening fhud discharged
from the al loast one cavity

42, The method of clavm 25, further muluding measuring g purtfication
fovel of the flwid

43, The method of claim 42, further including cirsulating the fluid

through the at least one cavity antil the fhud reaches g desived pusification level

17

o,
o
5

The method of elaim 23, further weluding serating the fuid w the

-19-
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45, AKi for transforming a cavity into a fuid purifior, the ki

GIIPTISInG:

at least one prezoelectric material to be disposed within the cavity;
and

at least one whirasonic transducer to apply ultrasonic energy o the

by

piezoelectric nuttoriad $o as 1o cause the pieroeiectnic matertal to emit an elecirical

N

discharge that purifies i w the cavity,

46, The kit of claim 45, wherein the at least one piezoeleciric material

meludes porous piczoelectric particles.

The kit of claim 43, wherein cach of the porous piczoelectric particles

has a diameter of aboat | mam o about T aum.

-

47, wherein the porous prozoclectrie particles have s

grefn the porous pierociovtric particles have a

54, e kit of claim 45, wheredn the at loast one picoroekedcivie material s
3 ¥

5L The kit of claim 43, wherein the ulirasonic encrgy includes at leust

S

one frequency component of about 20 kHz to about 1 Mz

o

2. The kit of ol

'Jz

o

1 45, wherein the at least one ulirasonie transducer

operates ata voliage of ubout 20V o sbow 110V,

&

(33
Ll

The kit of chaim 43, wherein the at loast one ultrasonic transducer s

disposed slong an inner surface of the cavity.

54, The kit of claim 45, wherein the st least one ultrasonic transducer is
TS UM o
rectangular or disc-shaped.
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