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Water is the most important inheritance of our planet
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Our dreams become reality
with materials




Affordable clean
problem of
advanced

materials

New adsorbents

U UANARDTECHNDLOE

New sensors

New catalysts “s
P

o ‘4~- "': -
'y ‘,rﬁ;\"' ",; ¥ R |
. . - -t - “t .\".'.
New devices R o

Novel phenomena

BAVID E. REISNER - 7. PRADEEP

2. ¢




Water purification, history

Important milestones in the history of water purification (1800-2007) from the
perspective of noble metal nanoparticles in water treatment (compiled from multiple
sources on the World Wide Web).

Year Milestone

1804 Setup of world's first city-wide municipal water treatment plant
(Scotland, sand-filter technology)
1810 Discovery of chlorine as a disinfectant (H. Davy)
1852 Formulation of Metropolis Water Act (England)
1879 Formulation of Germ Theory (L. Pasteur)
1902 Use of chlorine as a disinfectant in drinking water supply
(calcium hypochlorite, Belgium)
1906 Use of ozone as a disinfectant (France)
1908 Use of chlorine as a disinfectant in municipal supply, New Jersey
1914 Federal regulation of drinking water quality (USPHS)
1916 Use of UV treatment in municipal supplies
1935 Discovery of synthetic ion exchange resin (B. A. Adams, E. L. Holmes)
1948 Nobel Prize to Paul Hermann Muller (insecticidal properties of DDT)
1959 Discovery of synthetic reverse osmosis membrane
(S. Yuster, S. Loeb, S. Sourirajan)
1962 Silent Spring published, first report on harmful effects of DDT (R. Carson)
1965 World's first commercial RO plant launched

1974 Reports on carcinogenic by-products of disinfection with chlorine
Formulation of Safe Drinking Water Act (USEPA)
1975 Development of carbon block for drinking water purification

1994 Report on use of zerovalent iron for degradation of halogenated organics
(R. W. Gillham, S. F. 0'Hannesin)

1997 Report on use of zerovalent iron nanoparticles for degradation of
halogenated organics (C-B. Wang, W.-X. Zhang)

1998 Drinking Water Directive applied in EU

2000 Adoption of Millennium Declaration during the UN Millennium Summit
(UN Millennium Development Goals)

2003 Report on use of noble metal nanoparticles for the degradation of pesticides
(A.S. Nair, R. T. Tom, T. Pradeep)

2004 Stockholm Convention, banning the use of persistent organic pollutants

2007 Launch of noble metal nanoparticle-based domestic water purifier
(T. Pradeep, A. S. Nair, Eureka Forbes Limited)

T. Pradeep and Anshup, Thin Solid Films, 2009



Future of water purification: An enigma with some pointers
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W Candidate contaminant list
Contaminants regulated by EPA
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Label for contaminants
(a): Halogenated organic (b): Metal (c): Organochlorine pestict . Inorganic
salt (e): Biological contaminant (f): Nuclear (g): Benzo derivative (h): Carbamate
pesticide (i): Pesticides (others) (j): Unclassified (k): Triazine derivative pesticide
(I): Organophosphorus pesticide (m): Organobromine pesticide (n): Non-metal
(0): Nitrophenol derivative, (p): Dioxin, (q): Benzo and halogenated organic (r):
Organometallics
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Category-wise distribution of contaminants regulated by USEPA and
future contaminants

Noble metal nanopatrticles for water purification: A critical review, T. Pradeep and Anshup, Invited critical review, Thin Solid
Films, 517 (2009) 6441-6478 (DOI: 10.1016/j.tsf.2009.03.195).



World’ s first nanochemistry-based water purifier
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KRGt JayaramanBangalor, inda

Chemistry world
First ever
nanotechnology
product for clean

A plant to make supported nanomaterials for water
purification; with capacity of 4.5 tons per month, 2007

1. Patents: A method of preparing purified water from water
containing pesticides, Indian patent 200767

2. Extraction of malatheon and chlorpiryhphos from drinking
water by nanoparticles , US 7,968,493 A method for
decontaminating water containing pesticides, EP 17,15,947
Product is marketed now by a Eureka Forbes Ltd.

Several new technologies are now available




Nanomaterials are now atomically precise
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T. Pradeep et. al. Acc. Chem. Res. 2018; 2019.



Clean water for everyone

ACS Sustainable Chemistry & Engineering Editorial,
December 2016



Water positive materials

Biopolymer- remforced synthetlc granular
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nanocomposites ©

water purificatiol

Mohan Udhaya Sankar', Sahaja Aigal
Kamalesh Chaudhar, and Thalappil P

Anll Kumar,
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M. Udhaya Sankar, et. al. Proc. Natl. Acad. Sci., 110 (2013) 8459-8464.
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What Is special?
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Live/dead staining experiments




No nanotoxicity
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Variety of materials

L3

L3 EELS without As EELS with As(lll) EELS with As(V)
_/ba_‘;

3
2
1

110

E{

lntensity (Counts)O
? 115
Intensity (Counts) m

5 30 25 6 75 90 10 T Twm  TH  Twme —TH Tk
26 (Degree) | Bindlng Energy (eV)
sttt AATERTALS

Confined Metastable 2-Line Ferrihydrite for Affordable
Point-of-Use Arsenic Free Drinking Water

(]
o
E
3
=
3
=
it
=
=]
3

By Avula Anil Kumar, Anirban Som, Paclo Longo, Chennu Sudhakar,
Radha Gobinda Bhuin, Soujit Sen Gupta, Anshup, Mohan Udhaya Sankar,
Amrita Chaudhary, Ramesh Kumar, and T. Pradeep™

A. Anil Kumar, et. al. Adv. Mater., 29 (2016) 1604260.



Mechanism — molecular tools
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Modeling surfaces

Chennu Sudhakar, et al. ACS Sustainable Chemistry & Engineering, 6 (2018) 9990-10000.



Lab studies
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A. Anil Kumar, et. al. Adv. Mater., 29 (2016) 1604260.




Initial pilot studies

INKING WATER
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Larger pilot studies
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Changing the dynamics in the field

e
HE

= EXxisting unit for iron and arsenic removal — Existing unit for iron and arsenic removal —
20 m3/h 18 m3/h

= Uses activated alumina and iron oxide (old Uses iron oxyhydroxide (new generation of
generation of adsorbents) adsorbents)

Input arsenic concentration: 168 ppb
Output arsenic concentration: 2 ppb
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Minimum uptime: 91%, Maximum: 98%
Only 4/330 have reported arsenic above 10 ppb

Benefiting over 100,000 childremand villagers
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Implementation - From 25 KLD to 1 MLD

Large water supply schemes Retrofitted Water Purification Plant
Capacity: above 1 MLD Capacity: 0.1-1 MLD
5 schemes in use across India Over 180 units in use across India



Clean water at 2.1 paise per litre!

Sr.No.

Calculation for the Tariff to be collected for treated water (Revision if Required)

Design population 1,071

Item/Description Cost / Quantity

Cost of Replacement of Iron removal media 56400
Cost of Replacement of Arsenic removal media 978660
Cost of replacement of Activated Carbon 28560
Total cost of Replacement of media 1063620
Total cost of Replacement of media for one 531810
year

Plant capacity 75000
Design population 1,071

Cost per litr of water 2.1 Paise per Itr

1.36

Cost of replacement of media
40.80

Plant capacity/70 LPCD

Remarks

After minimum two years if Iron concentration is
more than 5 ppm. But iron concentration is more
than 5 ppm at only two to three places. Therefore
media may work for 3 years also.

After minimum two years if Arsenic concentration is
more than 100 ppb. But arsenic concentration is
more than 100 ppb at only two to three places.
Therefore media may work for 3 years also.

After minimum two years.

Itr per day

Plant capacity/70 LPCD

0.025 cents

Rs. per head per day
=Media replacement cost per year/365/Design
population

per head per month for 70 LPCD water



Smart water purifiers and big data

Smart Water Purifiers linked to loT Global Map of Water Health

Organics
Chemicals

Pesticides
Bio toxins
Heavy metal ions
Micro-organisms

/\ Contaminated sites

=N e - e
— B A ' P,

Cost-effective sensor accessory for loT- enabled sensing for

point-of-use applications households and distribution networks

T TN o®

Water ff. -
treatment

plant

e e e e e e s s e e en en s s s e e e

advisories
G == and
e ’\/\/
e smart water

Natural
water bodies

governance DDD
: L]

Ankit Nagar and T. Pradeep 14(2020). ACS Nano, 6420-6435



Waste management

« Adsorbents conform to toxicity characteristic leaching procedure
« Elemental waste goes back to local environment

« Safe disposal of arsenic (or any other) laden waste

« Additional protection could be considered, if necessary

« Exploring viable uses






Components of loT architecture implemented by DWSS, GoP
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Typical loT architecture comprises various sensors and meters, communication gateway, Cloud Server,
SMS gateway, Webservices and mobile phone application for operator




Atmospheric water harvesting

100 150 200




Depanjan Sarkar, et. al. Advanced Materials, 28 (11), 2016.
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Depanjan Sarkar, et. al. Unpublished.



Cooled nano-

_ engineered surface
Filtered

humid air
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Exhaust hot
Atmospheric humid air
air

Peltier L
Air filter cooler
membrane

Condensed

s
““ ‘ water drops

¢ ¢ VayuJAL Technologies Pvt. Ltd.
Ramesh Kumar Soni and Ankit Nagar
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Capacitive Desalination (CDI)

T § e

E
L0 © g -
salt water % o - ﬂi . sweet water
2 anion

& cation [ spacer
M current collector [ anion exchange
1 carbon electrode P cation } membrane

S Soujit Sengupta, Rabiul Islam and others
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DIGITAL KIOSK

for community drinking using Technology

Products under implementation

Vijay Sampath and Tullio Servida

loT enabled for remote monitoring and support



Evolution

of materials to products

Community-scale

atmospheric water

Community-
scale
5 contaminant
harvesting Q -c—a@-’ﬂs- removal
TiO,-assisted
photocatalysis

An atmospheric
water generator with
a capacity of

400 liters per day
(Company: VayuJal)

(ref 36)

Defining nanescence
and nanotechnology

@25 pbiction

Atmospheric
Water

Harvesting

Nanoparticle-based
arsenic filtration
pump used by
school children in

L West Bengal
Ssnopotmers (Company:
B g o Eonfined InnoNano Research)
Condensation 3 metastable
2-line ferrihydrite

o;er patterned for As(ll) and

silver

nanobrushes As(V) removal

(ref 10)

Disinfection S gy Lintecude
Solar water _¢* I Vos, (ref 31)

disinfection
using MoS, , \

oS, 3
nanosheets \% ' «'

Vil gy / Dead bacteria

W\ Community-scale drinking water
CDI machine for rural areas
(Company: InnoDI)

(ref 35)

Community-
scale
desalination

Ankit Nagar and T. Pradeep, ACS Nano 14 (2020) 6420-6435.



Sensors and new opportunities
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Analog/Grating Ultra compact Low Cost

Equipment ’ Spectral Sensor Module

$ 5~6 Billion (2017) ~ Billions units ( ? 2027 )
a few 100k units (2017)

r ’)T nanoA

Water quality measurement — In the pipeline




New electrodes - Aligned nanoplates of Co,Sg

1,2-bis(diphenylphosphino)ethane (DPPE

a) —
0.6
343 nm
8
2 04 425 nm
48]
£
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0
Ke]
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02| 495 nm
00 T T T I
400 600 800 1000

Wavelength (nm)



Electrospray deposition

Pt wire
/

Capillary
—————

Spray
plume __—Cluster film
—

ESD setup



Sensing

a)
PBS
028 - 3.75 ppb
— 7.5 ppb
—— 15 ppb
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i —— 37.5 ppb
- —— 45 ppb
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Potential (V)

b) 025
y = 2.36E-9x + 2.33E-8
r?=0.99
0.20
= 1
30.15 -
S |
5 0.10
0
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0 10 20 30 40 50 60 70 80
Concentration (ppb)
d) 0.10
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< 0.06 -
=
2
5 0.04
(3]
0.02 -
0.00
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Working electrode

Vertically aligned nanoplates

Sample name:

L D

Handheld Potentiostat Vertically aligned nanoplates

Anagha Jose et al. ACS Materials Lett., 5 (2023) 893-899.
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pubs.acs.org/journal/estlcu

Cysteine-Protected Antibacterial Spheroids of Atomically Precise
Copper Clusters for Direct and Affordable Arsenic Detection from
Drinking Water

Jenifer Shantha Kumar, Arijit Jana, Jayathraa Raman, Hema Madhuri Veera,
Amoghavarsha Ramachandra Kini, Jayoti Roy, Saurav Kanti Jana, Tiju Thomas, and Thalappil Pradeep™

Cite This: https://doi.org/10.1021/acs.estlett.4c00264 Read Online
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J. S. Kumar, Environ. Sci. Technol. Lett. 2024, 11, 8, 831-837.



a) ——O0ppb Arsenite

b) ——O0 ppb Arsenate
— 1 ppb 643 nm 0 ppb
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y

o’
10 ppb

10 ppb
102 ppb

102 ppb

103 ppb 10% ppb

PL Intensity (a.u.)
PL Intensity (a.u.)

104 ppb 10 ppb

105 ppb

105 ppb

450 " 550 600
Wavelength (nm)

450 500 550 600 650
Wavelength (nm) d)

106 ppb 106 ppb

Cu2py,  Cup +ASS

I 94|10 950 ' 3535 I 460 I 4(')5 . 125 130 135 40 l 45 . 50
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

T
930



g

EEE
o~

= J°8 =}

5 &

al 3\

=

HE -

N (oY

El< £

o o~

o &

=

N

”_m ST

g 3

o~ ~
&=
5

- B

O



Arsenic poisoning across the world

70°0'0"N

1 ) I 1
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Worldwide arsenic affected range _
® [Least affected
@ Slightly affected
@® Moderately affected
@ Moderate to high
O Very high .,
[ | Countries s . 0 6,900 l3’§19;91
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E. Shaji, M. Santosh, K. V. Sarath, Pranav Prakash, V. Deepch and B. V. Divya, Geoscience Frontiers, 12 (2021) 101079.






India’s water is being monitored
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Can Water Microdroplets Make Soil?

A path to sustainable nanotechnology
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NANOPARTICLES

Spontaneous weathering of netura minerasin
charged water microdroplets forms nanometerials

B. K. Spoorthi, Kayendrila Debnath?, Pallab Basuri’, Ankit Nagar’,

Umesh V. Waghmare?, Thalappil Fradeep®™

In this work, we show that partides of common minerds break down spantaneously to form nanopartides in
charged water microdroplets within milliseconds. We transfor med micron-sized naturd minerds like quatz.
and ruby into 5 to 0-nanometer patides when integrated into agueous microdroplets generd edvia
dectrospray. We deposited the droplets on a subsira e which allowed nanopartide chaacterzdion. We
delermined through smuations that quartz undergoes protoninduced slip, espeddly when reduced in

size and exposedto an electric field This leads to particle scission and the formation of silicate fragments,
‘which we corfirmed with mass spectrome ry. This rapid weathering process may beimportant for soil
formd ion, given the prevalence of charged aerosols in the @ mosphere.

E ides of minerals mdst natwrally
in 341, and some of them are esential
(). Micodroplels have been a

of nterest over the past decade,

matar and pesthe and wsed ion to

n

tubethat had an inner diameter of 50 mn  Check for

fiow rate of 0.5 mi/hour and absarved the
ailting plume {Fg. 14). We odleded the pro-
dud of dedrogray 15 om away from the
spray tip, which resulted in a flight time on
the order of T ms, cond dent with amilar ex-
peiments (3, 4). The produd that was de-
podted o a transmissm deiron miT oopy
(TBM) grid had only 5 to T-nm-dameter
patides (g D) throughout the grd. Under
higher magnification, parfides of different
marphogies were abarved. The partides
showed the (1) plane of quartz (inset of
Frg. ). Soication had no effect an the break

ing of slica partides Expeximental methods

P n ¥
mduding a wdeo of the dedrospray process
(mirvie 5. .

ur i

sparde the dfferently sad patides that

truly rve of the proes, we par-

formed. We carefully exiheded all the partides
smaller than 1mmiin size md used partides
of 510 1) ren that were suspended in waler

(ﬁgn,ﬁﬂlmf!l‘lﬁl-
W

farmed
samples We built a multimazze dedrospray
it composed of Sx nozdes We dedro-
sprayed 1liter of the suspengon that con-
tained 1M mg of the cudhed micron-3zed

e confined environment within
them isk n e ot for the
an acdlerdled rale aswel as dher il detach

auh asthe formalion of nanopartides(2). We
dedded to explore whether nalural minerals

any
found sme smaler partides attached to a
few larger ones (Fig. 10). These adhering par-

ould dismiegralein micodrople s, through a | tides had dimensons greater than 14 nm
P oppos chemical # {iig. 5. We took an optical image of the

For owr expariments, we prepared micon- | ground quartz powder and an optical mioo-
wale paricesol natual quatz{S0,) axdruby | scopic image of the sparated partides that
o i A0 for use cpray | we used for dedrespray (fig. 52). We deciro-
wdup {Fig 1 Aand B). We ground & prayed i of about § img/ml of the
miEmeler-sized quarkz parti using a quatz parti gh a capillary
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Functional Nanomaterials
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Understanding Microdroplets
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— Microdroplet
imprinting

A “. Dark field image

Pallab Basuri et. al. Chem. Sci., 2022, 13, 13321-13329.



Transformation of Materials In
Microdroplets



Ambient Microdroplet Annealing of Nanoparticles

Experimental set-up Synthesis of polydisperse NPs
i o ? :-."E\L(I ’IE?-\*;:
¢ e _ Ambient
wire 250G , microdroplet
AgNO; + + NaBH, —— & %2 ¢ annealing
CH,OH { .

PET

o o L
Polydispersed Ag@PET NPs

Transformation process

Droplet-
induced
process

Microdroplets

ITO Plate =

Before spray

Angshuman Ray Chowdhuri et. al., Chem. Sci., 2021, 12, 6370-6377.






Weathering in Nature




Sand, the Ubiquitous Material

Images from Wikipedia
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Optical image of silica

Ground silica

64



Weathering of Minerals in Microdroplets

Micron-sized
particles

Nanoparticles

Spoorthi, et. al., Science, 2024



Ruby, Fused Alumina
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Fragmentation of Silica — Varying Conditions

B SiO, after
electrospray

A SiO, before
— electrospray
A _
101

JCPDS 46-1045

Sio,

JCPDS
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Mechanism: Cleavage

The process of cleavage and surface reconstruction visualized with first-principles simulations

Surface force

Separatio
n due to

cleavage

Clsavage
plane

B
L 40 [ J— e Lt
® Bulk ®
— l’
ib = Separati Sof
Cleavage [ = eopfaratlon w0 "l = e
b h*\h AW'NWQ" 10 .r' l‘,
s £
/,
0 T ] T T s
= 0 2 4 6 8 10 12
Separation of cleavage, Ab {A}
D s
Surface recenstruction
(110) plane of SiO,
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Mechanism: Slip

Localized slip

~<
~,
.
~.
~

This instability leads to the formation of a
stacking fault on the (010) plane, achieved
with slip localized at (010) plane

b
C
Slip | b - by + (x,0,2) A
b ¥ 4
1 =
’I
!
!
1
1
1
!
[

Stacking fault
b — b_{; + (x,0,2).

(x, z € [0,1]) - fractional coordinates

Ste




SFEs of (010) direction with (0, 0), (0, 0.5), (0.5, 0) and (0.5, 0.5) slip configurations on
the (110) plane of SiO,

Slab
w/o H- 1 H- 2 H-
X Z E
atom atom atoms
SFE (J/
m?) 0.0 0.0 0 0 0 0
0.5 0.5 -1.21 -0.93 -0.88 -1.20
0.5 0.0 1.20 1.18 0.90 1.12
0.0 0.5 -0.07 0.89 -0.83 -0.09

c
Slip j b - by + (x,0,2) A
th Ab’ fb'



Silicate fragments

Two H-atoms

One H-atom

No H-atom
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Effect of charged microdroplets on quartz

Increased surface roughness after the spray
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Mechanism of nanoparticle formation

NP formation

Mother droplet

+ -
$ ' -
X 0 : +
Physical effects
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Rayleigh, On the
equilibrium of liquid
conducting masses
charged with electricity,
Philosophical Magazine,
1882

Q = 87t (€, yR3)Y/?

Image from Wikipedia



Understanding Microdroplets
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Breaking down microdroplet

chemistry

Charged microdroplets accelerate minerd disintegration

By R Graham Cooks and Dylan T. Holden

ed microdroplets are commonly
in clouds, sea spray, and
other natural aerosols. The chemistry
that occurs at the air-water interface
of thgie dropletsis often distinct from
served in bulk solution, which
is of considerable interest because chemical
reactions can be accelerated at this boundary
(1, 2). This may have implications for envi-
ronmental processes such as the weathering
of rocks, which contributes to soil formation.
On page 1012 of this issue, Spoorthi et al. (3)
report that micrometer-scale mineral par-
ticles can rapidly break down into nanoparti-
cles when in charged aqueous microdroplets
(seethefigure). This pointsto a potential role
for atmospheric water dropletsin the natural
disintegration of minerals.

To examine material degradation, Spoor-
thi e al. borrowed methodology used to ac-
celerate bond-forming chemical reactions.
By spraying an aqueous suspension of mi-
croparticles of natural minerals, the authors
produced nanoparticles of minerals in high
yield. Specifically, Spoorthi et al. used an elec-
trospray deviceto emit ajet of liquid droplets
(by applying high voltage) containing min-
eral particles of natural quartz, ruby, or syn-
thetic alumina that ranged in size from 1to
5 pm in diameter. The authors observed the
production of nanoparticles that were 5to 10
nm in diameter. Moreover, the fragmentation
occurred in approximately 10 ms.

converts a two-dimensional air-water inter-
face with limited electric field into a sphere
with an electric field of a strength approach-
ing the order of chemical bond energies (3 to
4.5 eV/A). Coulombic fission (the splitting of
charged microdroplets due to excess charge
overcoming the surface tension) and evapo-
rative processes further increase the surface
area, reduce theradius of curvature, and aug-
ment the surface electric field of the droplet.

The unusual chemical nature of the air-
water interface results in much remarkable
chemistry. For example, amino acids in wa-
ter undergo dehydration to form peptides
in this environment (6), whereas bulk wa-
ter simply solvates amino acids. The super-
acidic interface activates amino acids and
removes water to yield peptides. In addition
to such acid-base reactions, redox chem-
istry results from the formation of strong
oxidants and reductants from water at the
interface. For example, a high hydronium
ion (H30%) concentration at the interface
derived from fleetingly charged surface wa-
ter molecules (H,0"/H,0™") coexists with
oxidative species such as hydrogen peroxide
(H20,) and OH-. These redox species enable
a variety of spontaneous chemical trans-

O) bond cleavage in phosphonates, Wiiui
yields the corresponding phosphonic acid
(7, and in the Baeyer-Villiger oxidation of
aryl ketones to give esters (8). These consid-
erations thereby enable simultaneous acid-
base and oxidation-reduction chemistryin a
single population of droplets (7).

Through their study, Spoorthi et al. have ad-
ded natural weathering to a list of processes
in which accelerated interfacial micro-
droplet reactions play an important role.
Other processes include those in the atmo-
sphere, both natural and anthropogenic, the
latter typified by pollution that involves ni-
trate photochemistry (9). A substantial num-
ber of accelerated catalyst-free microdroplet
reactions form the basis for chemical synthe-
sesthat generate a variety of small molecules
(10), including thefacile and high-throughput
functionalization of drugs. This latter ap-
proach can be scaled up so that microdroplet
reactions produce substantial small-mole-
cule products. Prebiotic chemistry, including
peptide and nucleotide formation, is anot-
her process that is accelerated at the micro-
droplet air-water interface (11).

The millisecond timescale of quartz degra-
dation reported by Spoorthi et al. matchesthe
known microsecond-to-millisecond timescale
for accelerated bond-formation and bond-
cleavage chemical reactionsin microdroplets
(1. This reinforces the conclusion that the
chemical basisfor accelerated weathering lies
in the powerful acidic and hydrolytic nature
of the air-water interface. The authors fur-
ther suggest arole for the superacid interface
in inducing slippage at crystal plane bound-
ariesin quartz and ruby fragmentation. Their
simulations show that individual protons
inserted into the slip configuration mineral

Micro-to-nano transitions in minerals at the air-water interface
Reactions that promote mineral disintegration are accelerated at the air-water interface of microdoplets.
Key reactive species are the result of the effects of a high electric field at the surface of the water droplets.

. . . Parent droplet Coulomb repulsion Nanoparticle formation
Such m‘?'le"'al Qegradatlon a_nd chemi- Acharged droplet generates an Droplet fission begins when Nanoparticles are released
cal synthesis experiments are united by the  electric double layer, which givesa coulombic energy exceeds insmaller microdroplets.
extremes of chemical reactivity that occur  strongelectric field. This produces surface tension. i
. . Nanoparticle
at the air-water interface, where reagents tmre&tlwspecfs(ormgerlm). i
+ +

are partially solvated (4). Whether formed

ove ' + + + Ly
through nebulization, spl_ashlng from a sur- N g + R + ¥ + o+ o4
face, or other means, microdroplet popula- H,O' % + tu
tions will include droplets with nonzero net ~ + 7 L + + ﬁ o+ o+
charges. The small radius of curvature ina 4 + +++ +
. + HO + w
microdroplet produces a very strong elec- i ﬁg + +HO, 2
tric field (5) that can support a double layer ¥ +\ " ~ + +H“QCH :\‘ 3
of electric charge at the air-water interface. + - o+ - - ‘:\ AN 3
Thechangein geometry (radius of curvature) + HO, + 3
gein g v (@ ) +++\\Electnc oo+ % g
Microparticle field g
Department of Chemistry, Purdue University, West Lafayette, - %
IN, USA Email: cooks@purdue.edu Right path 5
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Vision

Make soil using
processed wastewater
and make deserts
bloom.
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Can Clathrate Hydrates Exist in Space?

Exploring astrobiology



Instrumentation

QMS for ion
scattering as well as SIMS

Low energy ion
scattering MS

Deuterium
lamp

115-400 nm

Bag, S. et al., Rev. Sci. Instrum. 2014, 85, 014103/1-014103/7
Viswakarma, G. et al., J. Phys. Chem. Lett., 2023, 14, 2823-2829
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ontribution from third bilayer

C

{0001} Basal plane

£

First bilayer

Bag, S. et al., Annu. Rev. Anal. Chem. 2013, 6, 97—
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Formation and Transformation of Clathrate Hydrates under
Interstellar Conditions
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Interstellar medium

HELIOSPHERE

KUIPER BELT

Diffuse clouds: T ~ 100 K, n ~ 100 molecules per cm?3
Dense clouds: T ~10-100 K, n ~ 10%-108 molecules per

cms3
On Earth sea level: T~300 K, n ~3X 101 molecules

https://spaceref.com/science

INTERSTELLAR MEDIUM




Interstellar ices

| Five Mechanisms for Processing Interstellar Ices |
Atom Addition Chemistry

Thermal Ice Chemistry

‘ NH,COOH

. Diffusion and
Photodesorption reaction due
Molecular 9 to heating

formation L

HCO

Hydrogen
W accretion
reactions

Gas-phase
bombardment o

& — P <o
FRN reactionrate NSNS ¥ -’
- h } 3 \
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UV irradiation <P = Chemistry (?)
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CH,0
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NHy" NH, NH,
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" activation
o 5 Hy energy
Radiation RH+*BD Photo-
Chemistry NH, NH, NHe chemistry

Silicates and carbonaceous material — 0.01-0.5 ym

Arumainayagam, C. R. et al., Chem. Soc. Rev., 2019, 48, 2293-2314
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Clathrate hydrates in interstellar environment

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A., 2019, 116, 1526-1531
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Sample inlet tubes

Co-deposition at 10 K

Experimental method

\/ Y ’ Methane hydrate
\ 7 structure; 512 cage

e

Annealing

>
Varying T,
depending on the
gas

Clathrate hydrate (CH)
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Clathrate hydrates in interstellar environment

A 3017 cmt B 3009 cm-!

—a—0h
—a—25h
@ Fitted spectrum

12.71% of
the total CH,
Is trapped

3060 3040 3020 3000 2980 2960 3060 3040 3020 3000 2980 2960
Wavenumber (cm™) Wavenumber (cm™)

L 512 cage of
\/7 i R CH, hydrate

.......

.............

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 1526-1531
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Observing growth of crystalline ice from amorphous ice
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Imaging cubic ice at molecular resolution
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Electron diffraction of nanometer-scale crystals of
clathrate hydrate

(a) THF-CH, Clathrate hydrate crystal (b) 3 D electron diffraction
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Our dreams become reality with materials

Energy

Clean water




https://www.youtube.com/watch?v=fiJyptb XBtM



An ocean of
opportunities

Water presents a unigue

S - A S A -
W Earthrise, taken on D}

opportunity to find a purpose in life. | FomWipeda




Conclusions

Affordable clean water with advanced materials is demonstrated at scale.
Natural minerals break spontaneously in charged water microdroplets.
Clathrate hydrates exist in ultrahigh vacuum.

Implications of all these are profound.

New research is needed in these areas.

Affordable, inclusive, sustainable and contextual excellence
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