Since 1959

Can Water Microdroplets Make Soil?

A path to sustainable nanotechnology

g :?. Thalappil Pradeep
a0 Institute Professor, IIT Madras

https://pradeepresearch.org/

Matter in confinement for y )
pradeep@iitm.ac.in

sustainability

Co-founder

InnoNano Research Pvt. Ltd. Professor"n'Charge

InnoDI Water Technologies Pvt. Ltd. &
VayuJ AL Technologies Pvt. Ltd. * SRR g«&
Aqueasy Innovations Pvt. Ltd. %St;ig:f‘o(lEQ R G
Hydromaterials Pvt. Ltd. Irrw N\
EyeNetAqua Pvt. Ltd. S L “e ' T
Deepspectrum Analytics Pvt. Ltd.

International Centre for Clean Water

Conference on Advances in Catalysis for Energy and Environment (CACEE-2024), TIFR, Mumbai, Dec. 16-20, 2024



Science

B SEARTH -.'1

HENTRARTICLER ke il il o v oo ol S emn Do o
. ~ X B i il B 5 onlTens avd plemrvad il .
Sporteneos weethering of nefirel minerds in S evptay 15t ey b o
3 ; -y

WHE mu’ﬂj’qias forms rencrre aials | gy I, whvech e o o Haghl Hime o
e wwvley of W e ek welh ke

K St Koyt Dutnals’, el B’ kel age s (1 4] The produc hal wes de

Lrast ¥ i s Thalecpd 90 s’ = |-ﬂ-_ Y
(TEMY e sl only & To 90w diswmet ey

i1 e o, e e PP ot 1 o TR e o Wil | Wog W) Dvvmmaghema e ool Unsales

il i SR A R S T W e P o e Pl of Mol i ety | gl panche ol e

I Tty e e i when P T T SR TR Wy e v | want ulsmweml The

et rerra e ot e oo on @ SRR A Ao IO ol ST e W | TR o ol it (poed o

A ETYITE g L I Qe e e g (T evoad WL e dy ahen cedamd M | Fay Y] S usnd m wlend v et vk

S e b i P This e b Snt0% simnon and e Emmalion of Sioie drapmery | ey o sl Pt Enpiimamial meafivists
W A EO TV ey TS S 1. Thes il el g S TV TR i F i ¥ o
Verrrmtim. (et {w oeealenns of ofped s v e @ regray | bl o v of Vhe sctimpry paesn

Eﬁl“ﬂm | mwta ol i el md covhgpda. MM‘HM?.‘_

B L T - e (e bl ety el Eelickn 1 Fnger o
B ko | B, e coralally machuchend ol s pustichon | scomplees W basil @ mlinnse slectmpray
} -I- o mn pasdis We slatie.
il reremnmest =ihn | G i W v thal wewn mopendded in watn | gayed 1t of The ssponion Sl o
Haen e in e chems ol sgiilbeeoad hlh*.“‘ﬁ 'E'Ell_w‘_.r_"lr 1 I:_"l!ql'ﬂ---—-ﬂ

sl
ruch o The Bwrmodimn of g s e ey

| et e W
tu el b | 1 d ol fop y vl andd ks

ﬂlh-ﬂ-ﬂhuﬁd-’u—*l ey Ewge o [Fay 63 T liw vy gz - 1 i il 03 ol Thewer vl el el

ad ein s mlrmplein, Wyrmegh |..u -‘__-z
s el nenils Wa . optical i o

B e p—— :‘:—u_h-d-#-u—  —————————

e pantadies of vt ol oprte [0 ) vl saly  swmgec imine ol Ber opum e purlohs: il foos s S0 o s e

- st ek Al lem i oy cleetvigaiy | weiisid o clecaspry (g ) Weedksing. | s - e i o s S

et g LA s ) Ve sl of band 8 Umghml afthe | [ TR Pl fen e

rrallrrnter scd s et el iy o | SR PSS ST R N TR ek

Rer pmetior mnn ki 2y el

Spoorthi ¢ al., Sdence 384, V21017 (2024) 31 May 2024




A scale of 1000




Functional Nanomaterials



Anyin Li, et. al., Angew. Chem. Int. Ed. 2014,
53, 12528 —12531.

Depanjan Sarkar et. al., Adv. Mater. 2016, 28, 2223-2228.

[Pd{ACNL,]*

[PAIACN)(H,0)*

Arijit Jana et. al., J. Mater. Chem. A, 2019, 7, 6387—6394.



Chemica
Science

rsc.li/chemical-science

~

-

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2041-6539

EDGE ARTICLE

Thalappil Pradeep et al.

Spatial reorganization of analytes in charged aqueous
microdroplets

Volume 13
Number 45

7 December 2022
Pages 13251-13634




Understanding Microdroplets
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Transformation of Materials in
Microdroplets



Ambient Microdroplet Annealing of Nanoparticles

Experimental set-up Synthesis of polydisperse NPs
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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
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Weathering of Minerals in Microdroplets

A i

Micron-sized
particles

4 kV
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Spoorthi, et. al., Science, 2024



Ruby, Fused Alumina
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Fragmentation of Silica — Varying Conditions
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Mechanism: Cleavage

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

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

SFE (J/

Slab
w/o H- 1 H- 2 H-
X A E
atom atom atoms

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
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Silicate fragments

Two H-atoms

One H-atom

No H-atom
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Mass Spectrometry of the Fragments
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Effect of charged microdroplets on quartz

Increased surface roughness after the spray
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Mechanism of nanoparticle formation

Mother droplet

NP formation

i + + Physical effects
Physical effects

o Egwe
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Rayleigh, On the
equilibrium of liquid
conducting masses
charged with electricity,
Philosophical Magazine,
1882
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Understanding Microdroplets
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INSIGHTS

SPECTIVES

CHEMISTRY

Breaking donnmicrodroplet

chemmistry

Charged microdroplets acodlerate minerd disintegration

By R Graham Cooks and Dylan T. Holden

microdroplets are commonly
in clouds, sea spray, and
other natural aerosols. The chemistry
that occurs at the air-water interface
dropletsis often distinct from
bserved 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 & 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 et 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 ef 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 um in diameter. The authors observed the
production of nanoparticles that were 5to 10
nm in diameter. Moreover, the fragmentation
occurred in approximately 10 ms.

Such material degradation and chemi-
cal synthesis experiments are united by the
extremes of chemical reactivity that occur
at the air-water interface, where reagents
are partially solvated (4). Whether formed
through nebulization, splashing from a sur-
face, or other means, microdroplet popula-
tions will include droplets with nonzero net
charges. The small radius of curvature in a
microdroplet produces a very strong elec-
tric field (5) that can support a double layer
of electric charge at the air-water interface.
The changein geometry (radius of curvature)

Department of Chemistry, Purdue University, West Lafayette,
IN, USA. Email: cooks@purdue.edu

958  31MAY 2024 - VOL 384 ISSUE 6699

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
(H202) and OH-. These redox species enable
a variety of spontaneous chemical trans-

formations, including carbon-oxygen
O) bond cleavage in phosphonates, Winun
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 e al. havead-
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-
ses that generate a variety of small molecules
(10), including thefacileand 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 (71).

The millisecond timescale of quartz degra-
dation reported by Spoorthi e al. matchesthe
known microsecond-to-millisecond timescale
for accelerated bond-formation and bond-
cleavage chemical reactions in microdroplets
(7). 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 quartzand 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
Acharged droplet generates an Droplet fission begins when Nanoparticles are released
electric double layer, which gives a coulombic energy exceeds insmaller microdroplets.
strong electric field. This produces surface tension.
the reactive species (orange ring). Nanoparticle
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How do they form?
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MoS, Nanosheet

MoS, Nanosheets

Ambient electrospray
—

Solvent: Water
Potential: 3.0 kV

MoS2 Nanoparticl
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| Graphene Oxide

Ambient
electrospray

Graphene oxide nanosheet Graphene oxide nanodiscs



Intensity (a.u.)

Raman Spectra of MoS, and Graphene Oxide Nanosheets
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Biopolymer-reinforced synthetic granular
nanocomposites for affordable point-of-use

water purification

Mohan Udhaya Sankar’, Sahaja Aigal’, Shihabudheen M. Maliyekkal’, Amrita Chaudhary, Anshup, Avula Anil Kumar,

Kamalesh Chaudhari, and Thalappil Pradeep®

Unit of Nanosclence and Thermatic Unit of Ex
Editad by Eric Hoek, University of California,
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ity. The ability to prapare nanostrictu
ambient temperature has wide releva
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We developed environmentally friendly water positive nanoscale materials for affordable, sustainable and rapid removal of
arsenic from drinking water.

There are over 1700 community installations across the country, sérving 1.3 million people with arsenic and iron-free water
every day.



Evolution of materials to products
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India’s water Is being monitored

click the dot 1o view details of water supply In the village
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Vision

Make soil using
processed wastewater
and make deserts
bloom.
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People's Water Data

About Us Maps Gallery Dashboard Contact Us Partner with Us

Water Quality
Orinkable
Noe-Drinkalve
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https://aquahive.in/peopleswaterdata/maps
https://aquahive.in/peopleswaterdata/maps

New molecules

Au,s, Adys, Adog
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Structure of M., Nanoclusters

AU@Ag ;6

Au@Ag,,@Cu,

Vivek Yadavy, et. al. Nature Communications 2024



Conclusions

Natural minerals break spontaneously in charged water microdroplets

It occurs only in water... so far

Studies on a variety of materials

Facile due to proton-induced slip

Detailed investigations are essential to know more

Implications to the production of specific nanomaterials and soil in general
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