LYOPHOBIC COLLOIDAL
SYSTEMS

(The “lyophilic/lyophobic™ classification makes sense only for
particles dispersed in a liquid)
By definition, the dispersed systems are lyophobic if they are
thermodynamically unstable.

Hence, the dispersion of a solid or liquid sample in water with
formation of micelles runs unspontaneously: AG, = AHgg, -
TAS 4, > O,

and 1s 1rreversible.
On the other hand, 7d?c >> kT



Nanodispersed systems

The systems of interest:

Especially, systems with nano-sized particles, i.e.,

d<10"m, or1-100 nm

1nm=10"°m

Such systems may be either polydispersed or (almost)
monodispersed.

They may be either well-defined or ill-defined.



[

Some examples of most popular lyophobic nanodispersed
systems

Typical lyophobic colloidal systems:
hydrosols of metals, e.g., Pt, Cu, Au, Ag, Hg,
metal iodides, e.g., Agl,

sulfides, ZnS, CdS, Hgs, As,S,, Sb,S;, BI,S,
and chalcogenes: S, Se.

Their coagulation occurs at low concentrations of indifferent
electrolytes, and the deposits as a rule cannot be peptized.

The surface tension values of the solid/liquid interface may reach
tenths or even J-m=2 units.

Their stability is caused only by the formation of a double
electrical layer. They are stable against sedimentation owing to
small size of particles.



Some examples of most popular lyophobic nanodispersed
systems

Lyophobic, i.e., thermodynamically unstable are emulsions and
foams. They cannot exist during a long time without an added

stabilizer (surfactant of polymer).

Air (and other gases) bubbles

An important kind of lyophobic colloidal systems are latexes.
[recycled rubber tree sap (hevea brasiliensis)]

Nanocarbon: fullerenes; carbon nanotubes (SWCNT, MWCNT);
graphene; nanodiamonds — we'll talk about them later.

Unique applications in nanotechnologies !!



10-10 m 10% m 10% m
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Fullerenes Cn: 12 pentagons and (N/2) — 10 hexagons
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Ceo:Crp,Crq i Cog, Cyyyandsoon ...
12 pentagons and (N/2) — 10 hexagons

Teopema DOuepa:
YHCJI0 BEPIIMH + YKUCJI0 IpaHei = unuciao pedep + 2

The Euler theorem: number of vertexes + number of planes =

number of edges + 2.
6



Carbon nanotube

Reduced graphene

Oxidized graphene

Graphene



Detonation nanodiamond

persed nanodiamond Dispersed but black nancdiamono



Colloidal systems of intermediate type

Fe,O,, FeO(OH), Fe(OH),, SI10,, SnO,, TiO,, Al,O,, etc.

Inorganic polymers:

OH OH OH OH OH

L
—S|i—O—T°,i—O—?i—O—?i—O—?i—O—
OH OH OH OH OH

Bentonite clays: minerals of the montmorilonite group, saturated
with lithium and sodium chlorides

Al,Si;0,,(OH),,-nH,O or [AI(OH),],[SIO,]g-nH,O



[ Nanoparticles in the environment}

Fate of the engineered colloidal species in soils and freshwater
(rivers, lakes, etc.).

Interactions of nanoparticles with natural organic matter (humates,
fulvates).

Detection and removal of nanoparticles from natural waters.

The impact of the engineered nanoparticles on the environment
and on the human body is not yet fully understood !!
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Safe handling of nanotechnology

The pursuit of respensible ranctechnelogies can be tackled through a series of grand challenges,
argue Andrew D, Maynard and his co-authors,

henthe physicist and Nobd laurzate
Richard Faynman challenged the
science cormmunity o think small

inhis 1959 lecture Theres Plenty of Reom al
the Battom; ha planted the seeds ofa new era
in science and technology. Manotachnology,
which is about controlling matter ab near-
atemic scales 1o presluce unigue orenhanced
materils, products and devices, is now malur-
ing rapiclly with more than 300 claimed mns
ey procucts already on the markat’.
Yet concarns have boen raisad that the very
properties of nanostructured material s thal
make tham so attractive could potentially
laad to unforessen health or eanvironmantal
hawards®,

The spectre of possible harm — whethar
real or imagined — is threatening o sl the
dvelapmant of nanetech nddogy unless saunil
independent and authoritative information is
devaloped on whal the risks are, and how 1o
aviid tham”. In what may be unpreceden ted
pre-emplive action in the face of a new tech-
nology, governments, indus ries and research
arganizations around the world are begin-
ning to address how the benefits of emarg-
ing nanctechnologics can be realized while
minimizing petential risks’. Yol despite a clear
cammitment to support risk-focused ressarch
apportunities o establish collaborative, inte-
gratad and targeted ressrch programmes are
beingmissad”. In September, Sherwood Rodh-
lert, chair of the US House Science Comimit -
ammented in a hearing
“we're on the right path 1o
diealing with the problem, but
we'Tesauntering down it when
A sense af urgency s reguired
And in October, Britains
Riwal Society raisslooncans
that the UK gomernment had
not mada enough progress on reducing the
uncertainties sumounding the health and
environ mental impacts of nanomaterials”.

“Unders

of res

Therisks

As research leaders in our respective fd ds.
we recognize thal systematic risk ressarch
is nealed i emerging nano-industries ae 1o
thrive. YW carmat set the international research
agenda on our own, but we can inspire the sci-
entific communily — including gevenumeantd
mdustry. academia and other gakeholdars — Lo
mowein the right ditection. Sowe propese five

anding and

preventing ri
has a low priority in
the competitive world
rch funding.”

Potential hesith risics from exposwreto engineened n anom aterials mu st beund esstood and minim ized

grand challanges 1o stimulate resaarch that is
imaginative, innovative and above all relevant
1o thee safiaty af nanatechnili

Fears over the possible dangers of some
nanotechnologics may be exggeratad, but
they are not necassarily unfoundad. Recend
studies examining the taxicity of engineeresd
nanematerials in call culluresand animals have
shown that size, surface area, surface chemis-
try, solubility and presibly shape
allplay arclain datermining the
potential for enginesrad nano-
malerials Lo cavse harm?, Thisis
not surprising: we have known
for many years that inhaled
dusts canse disease, and that
their hanmifulness depends on
hath what they are made af anil their physical
nature, Far instance, anall particles afinhalad
quartz lead to lung damage and the potential
devalopment of progressive lung dissase, val
the same particles with a thin coating ofclay
are less harmiul’, Ashedos presenis a far more
drimatic example: thin. long fibres afthe mat-
arial can laad to lung disease irinhaled, bul
grini tha fibres down to shortar particles with
the sme chermical make-up and the harmiul-
55 is significantly recduced’.

It is generally accepted that, in principle.
soine nanomaterials may have the polential to

k aften

EE00E Maturs Publishing Groug

cause harm te peopla and theenvironment. Bl
the way science is dona is often ill-equippasd
1o address niwel risks asseciated with emerg-
ing lechnidogies, Ressarch into understanding
and praventing risk oftan has a low priority in
the competitive worlds of intelleciual property,
resrch funding and technolegy develspment.
And yel there is much al stake in hew peden-
tial nano-spacific risks ame understood and
managed, Withoul strategic and targeted risk
reszrch, people producing and using nanc-
matarials coulid develop unanticipatad ill nass
arising from their expomire; public confidence
in nanclech mologies conld be reduced threugh
raal ar perceived dangars and fears of litigation
may make nanotechnologies less altractive to
irmvestors anil the insurnce industry.

The science communil y nesds toact niw it
strbagic resEanch s W suppart sustamabde nano-
lechnologies, in which risks are minimized anid
benefits maximised. Ourfivegrand challenges
are chosan o g imulate such rsearch. as well
as bring focus 1o arange of complax mudt jdis-
ciplinary isues, The challenges span the next
15 years, and their successiul achiavemant
will depand on coordination, collabaoration,
resoiLTces and ingen hey dre niol compre-
hensive — there isessential ressarch that is not
convared hete — but they doform a framewark
on which others can builid.
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Getting Nanotechnology Right the First Time
Statement to the National Research Council
Committee to Review the National Nanotechnology Initiative
25 March 2005
Richard A. Denison, Ph.D., Senior Scientist
Health Program, Environmental Defense

Thank you tor this opportunity to otfer the perspective of Environmental Detense to this
panel. Environmental Defense, formerly known as Environmental Defense Fund, was
established in 1967 by scientists who were among the first to discern the devastating
effects of aerial spraying of DD'T on wildlife. Today, Environmental Defense is one of
the country's leading environmental advocacy organizations, with an annual budget of
nearly $50 million.

e

ENVIRONMENTAL DEFENSE
finding the ways that work

Nanotoxicology References

A bib]iograph}r of references and abstracts of risk-related research studies on
nanomaterials cnmpiled b}r Environmental Defense
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Available online at www.sciencedirect.com I E:
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Interactions between engineered nanoparticles and dissolved
organic matter: A review on mechanisms and
environmental effects

Sujuan Yu', Jingfu Liu"*, Yongguang Yin', Mohai Shen'*?
e e e e e

'Waner Resea ch S (2005 255175

Contents lists available at Sciencelirect

Genotoxicity ??!!
Cytotoxicity??!!
Photocytotoxicity??!

Water Research

journal homepage: www.elsevier.com/looatefwatres

Rewview

Vulnerability of drinking water supplies to engineered nanoparticles @umm_ﬂ

Martin Troester * ™ °, Heinz-Juergen Brauch ®, Thilo Hofmann ™
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Contents lists avadlable at Sciencedliract
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Environmental Modelling & Software

| \ joumal homaopage: wew. ols ovior. oom/flocatofon vs oft

Critical Review

NANOMATERIALS IN THE Ehvlﬂgm:gilé}gtﬁgmw IOR, FATE, BIDAVAILA Modeling framework for simulating concentrations of solute chemicals,
nanoparticles, and solids in surface waters and sediments: WASPS Advanced
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[ SYNTHESIS OF NANOPARTICLES J

Two main methods:

1) Top-down (from macroscopic body to suspensions or sols)

2) Bottom-up (from molecules to colloidal particles)



[ Top-down methods: dispergation ]

1) work of volumetric dispersion (i.e. work of elastic and plastic
deformation);

2) work of creating new surfaces

W =KV + oAs = d(k,d + k,0)

|

The Rehbinder effect: grinding is facilitated in the presence of
surfactants
&=




[ Dispergation of macroscopic solid ]

Balls

— | >
’ ',/ S T /’”’}/

b)

Ball mill (a) and colloidal mill (b): 1 — suspension pipe;
2 — rotor; 3 — electrical motor; 4 — outlet pipe.



As a rule, the top-down methods do not allow obtaining
nanosized particles.

However, some exceptions are known, e.g., for fullerenes.

Hand-grinding in an agate (or glass) mortar

Figure 1. Photograph of dispersions of the Cg nanoparticles Figure 2. TEM images of the Cgo nanoparticles dispersed in

. . than methanol at different magnifications. a) Scale bar, 5 pm. b) Scale
'1" Va"“'ls :;’la"::s&a)mh:en = l?«l: 2 2 g?l'am" c) 2-propend, d) bar, 500 nm. ¢) Scale bar, 200 nm. d) Scale bar, 50 nm.

Chemistry Letters Vol.35, No.4 (2006)
Top-down Preparation of Dispersions of Cgy Nanoparticles in Organic Solvents

Shigeru Deguchi* and Sada-atsu Mukai
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Figure 1| Formation of nanoparticles by rubbing solid Cg, between glass
slides. (a) Experimental procedure. (b) SEM image of particles of as- Figure 3 | Size distribution of nanoparticles produced by rubbing solid
received solid Cgg. Scale bar represents 100 pm. (¢, d, eand ) SEM images Cgo between glass slides. (a) An uplical phou)graph of a dispersion of

of nanoparticles of Cg, formed by rubbing bulks solids between glass slides.

Soali bar semmeseaie A0 o (0); 3. s (), s B00 s e and B nanoparticles of Cg, in water containing 1 wt% SDS. (b) Size distribution

of the nanoparticles of Cso in the dispersion. (¢ and d) HRTEM images of
nanoparticles of Cg, found in the dispersion. Scale bars represent 5 nm.

Non-Engineered Nanoparticles of Cgo

Shigeru Deguchi', Sada-atsu Mukai'*?, Hide Sakaguchi* & Yoshimune Nonomura®
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Figure 1. The TEM images of two independently prepared samples of Cgo colloid. after
evaporation of the 3-fold diluted solutions.

percent

100 1000

Ceo sol in acetonitrile,
prepared by hand-
grinding in  our
laboratory



Detonation nanodiamond

Detonation Product Core agglutinate

Mitric acid
oxidation
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Dispersed nanodiamaond Dispersed but black nancdiamond



Presently, splitting up macrospecies IS
often made using laser beam, ultrasound

(“sonication’), microwave radiation, etc.

Such procedures may be conducted either In

liguids or In the gas phase.



4 )

Preparation of a metal colloid by using an electric arc,
X according to Bredig: Y

L —

On the first glance, this method belongs to the “top-down” type.
However, in fact it consists in aggregation of metal atoms evaporated
from the electrodes.



[ Bottom-up methods}

Physical condensation of atoms or molecules into small

colloidal species as a result of phase transitions.

Chemical condensation as a result of chemical reactions of

different types.

Despite different ways of obtaining nanoparticles of a new
phase, there are some fundamental regularities governing the

Process.



[ Kinetics of formation of a new phase]

According to Weimarn’s theory, the rate of formation of
crystallization centers is proportional to the relative oversaturation:

c—L
L

o =K

Merp HerpoBuu pon BEHMAPH
Piotr Petrovych von WEIMARN
1879—1935




THE PRECIPITATION LAWS
P. P. VON WEIMARN

I. ON THE NUMERICAL DATA RELATING TO THE LAWS OF
PRECIPITATION

The laws governing the precipitation of solid substances from
solutions have received a detailed and systematic study in but
comparatively recent times,

The law of precipitation according to which the mean mag-
nitude of the individual erystals (subject to the condition that the
process of direet erystallization has come to an end, and under
exemption from consideration of the stably supersaturated solu-
tions) of precipitates will progressively decrease as the concen-
tration of the reacting solutions progressively increases, was
formulated for the first time early in 19068 (2), on the basis of
extensive approximately-quantitative investigations with about
60 different salts.

Chem. Rev. 1925, 217-242


https://doi.org/10.1021/cr60006a002

C
AG =£s65 tAG, = - 7 R.Tl" C, Ta

m

Energy of nucleation

a 4mmm particle size

General recommendations:

AL

Optimal conditions for obtaining a
colloidal system: low solubility and high
supersaturation
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[ Condensation methods of synthesis of dispersed systems ]

Physical condensation

A molecular solution of a compound in an organic solvent

A small volume is poured into
a larger volume of water

Colloidal solution Iin water

In such way, hydrosols of P, S, Se, rosin (mixture of resinous
substances, mainly acids C,H,,COOH), mastic, gamboges,
palmitic acid, parafin, antracene, cholesterol.
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Colloids and Surfaces A: Physicochem. Eng. Aspects 509 (2016) 631-637

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and
Engineering Aspects

El SEVIER Journal homepage: www_elsevier. com/locate/colsurfa

The peculiar behavior of fullerene Cgp in mixtures of ‘eood’ and polar
solvents: Colloidal particles in the toluene-methanol mixtures and
some other systems

N.O. Mchedlov-Petrossyan?*, N.N. Kamneva?, Y.T.M. Al-Shuuchi?, A.I. Marynin?®,
S.V. Shekhovtsov*



The data obey the Volmer’s principle:

The lower the solubility is,
the smaller the colloidal species appear

In 99 vol. % methanol, the size of Ceso colloidal particles is 200
nm; increase of toluene content up to 30 % (70 % methanol) the
Size rises up to 500 nm.

M. ®OJILMEP

RITHETNRA
ObPASOBAHIA
HOBOU ®A3BL

Tlepenox ¢ HEMEUKOTO
K. M. TOPEYHOBOI

ITox penakumeit
K. M. TOPEYHOBOM u A. A. YEPHOBA



Chemical methods of synthesis of hydrosols

1) Pearxyuu cuoponuza (0JyUEHUE THIPO30JI8 THAPOKCH/IA JKelie3a)

Fe'™ + 3H,0 —> Fe(OH)s(tB.) + 3H™
2) Pearxyuu odpazosanus nepacmeopumsly KoMniexco (MoJivueHue riujipo30ist OepimHeKoil
Ja3ypu):

3[Fe(CN)o]* + 4Fe’™ — Fey[Fe(CN)os(TB.)

B zapucumMocT 0T YCIOBUM HPOBEIeHUST peakiinu Teepaas hasza coJepKuT TakKe 00JibIIee Win
MeHbIIee KoJmuecTBO uoHoB kKajms (coeaunenue KEe[Fe(CN)g| naspiBaior ““pactBopuMOii

Oep/IMHCKOI JIa3ypblo™).

Ananornuno st peakiuit oopazosanust Cux[Fe(CN)gl. Coz[Fe(CN)g] m Agy[Fe(CN)g].

Tax ke nosyuaror Kojutonieie pactBopsbl hocharos Ag(l). Pb(Il). Fe(I1l) u AI(ILID).



3) Pearxyuu obmena (nojayueHue ruapo30iis cyiab(puia MblbIKa):

As;O5 + 3H-S — As>S;(1B.) + 3H-0

4) Peaxyuu oopazoeantis maiopacmeopumsix coeti (II0JIydeHue rijpo30is ioauaa cepedpa):
Ag +1 — Agl (18.)

(AHaJIoruvHbIe ypaBHEHUs MOKHO 3anucarth st peakunii oopazopanus AgBr u AgCl).

>) Pearyuu 0bpazosans Malopacmeopumplx Kuciom (110J1yYeHHE [HIPO30JI IOJIUKPEMHHUEBON
KUCJIOTBI):

nSiO? + 2nH" — (H2Si0;3),(18.)

:]l} PCAKIHAIY MOYKHO, HAIIPUMCEP, HPOBCCTH ITVTCEM HPH/IHMBAHWA CE‘])I[(}FI KHUC/IOTBI K PACTBOPY
CH/IMKATA HATPHA.



{}] P(ﬁ’rj(}I{L'—;J'E.’HKI{HH. K num ornocsres Pa3HBIC CHOCOODI HOJIYHCHHA TTHIPO30JIA CCPLLL

2H5S + 05 —> 2S(18.) + 2H50
2H,S + SO, —» 3S(1B.) + 2H,0
3SO% +4H" — 4S(1B.) + 2HSO,; + H,0
SH-S + H>S504 — 10S + 6H,O

BoccranopienueM CeleHUCTON KHCIOTDI TMAPA3HHOM WJIHM JHOKCHIOM CCPbLI MOYKHO MOJIVHHTD
ITHAPO30./1bL CCIICHA!

H>SeOy + N>Hy — Se(rs.) + 3H,O + N>
H>SeOy + 280, — Se(1B.) + 28505 + H,0



(-_T}-’LLI,EC'I'B}-’E'I' HECKOJILKO CI1I0CO00B HOJIVHCHHA 'HAPO30JIH 50010Td 13 COEJIMHEHHH 30J10Ta {“l)
O0bI1uHO HOCIICIHHUC CHaYd Ia HEPCBOAT B aVpdTl.

[AuCly] +2CO3 - AuO, +2C0O; +4Cl
u 3ateM J100aB/soT (DOPMAIIb/ICT 1L
2AuO; + 3HCHO + CO2 —> 2Au(ts.) + 3HCO, + HCO, + Hy0
B0o3MOKHO TaK/Ke BOCCTAHOBIICHUE aypaTa ¢ IIOMOIILIO TAHHHA, BOCCTAHOBUTEIIb IIPU YTOM

okuciseres 1o (uodadena:

2Au0 5 T 2H + Cq6Hs55046 — 2Au(rB.) + HoO + Cr6H35:049

(Boccranosienem mnona f\g_ TAdHHHOM MOGKHO I[TOJAYHHTE W 30.1b Cﬂ[’)ﬂﬁ])&l]. /]_L[}}I(}H BdPpHAHT

BOCCTAHOB/ICHHUC TICPOKCHIOM BOJOPO/AA.

2[AuCly] + 3H>O; — 2Au(rs.) + 6H + 8CI + 30;

‘}’IJIb'I'pi'll'.llHUJIE'I'UBUE (}GJI}"‘{EI[HE OKa3bIBACT CHJILHOE BIMSAHHE HA X0/ DTOU U APVIUX

[)EEII{L[I'{H HOJIVHCHHA 'HAPOS50/1H Au.



KE‘II{ BOCCTAHOBHTC/IL MOZKRCT IIPUMCHATLCA {b(}C{b(}}]Z
[AuCL] + 3H,0 + P — Au(rs.) + H;PO4 +4C1 + 3H"

(D(}C{b(}p MOZKHO BBOJIWTL B CUCTCMY B BHUJIC '.}{DI.*I[)H[]I'(} pacTBopd. TdK B CCPCINHC XX Beka

HOJIYHAT FHAPO30.1M 30J10Ta (Dﬂpﬂ,‘_lﬁﬁ.

1 Mpo30/11 METAILIOB MOIKHO TAKIKE MOJIYUUTH BOCCTAHOBJICHUEM OCAJIKOB OKCHJI0B!
AgO(tB.) + Hy — 2Ag (1B.) + H20
Petoke-peakiyy npuMEHsIIOTCS W IS TTOJTY YCHUS THAPO30J1CiH OKCHI0B METAJLUIOB!

SH' + 65,0 +2MnO, — 2MnO(18.) + 35,02 +4H,0



Micelles as nano-reactors

All the aforesaid chemical reactions
may be conducted in the surfactant
micelles.

The limited volume ensures
formation of nanosized particles of
metals, poorly soluble salts, etc.

Photochemical reduction of metal
salts to metal sols is of special
Interest.



10834 J. Am. Chem. Soc. 1992, 114, 10834~10843

abtained from successive Fourier difference maps coupled with isotropic
least-squares refinement. Hydrogen atoms were modeled in idealized
positions with fixed isotropic thermal parameters. Final Fourier differ-
ence maps exhibited no unusual features. A summary of crystal structure
dala is given in Table IV,

Acknowledgment. Financial support from the National Science
Foundation is gratefully acknowledged. Todd L. Underiner thanks
the Dow Chemical Foundation for a feliowship administered by

the Organic Division of the American Chemical Society.

Supplementary Material Available: Tables of data collection
parameters, positional and anisotropic thermal parameters for
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A method of synthesis of mesoporous molecular sieves
(widely used as catalysts)

A New Family of Mesoporous Molecular Sieves Prepared with
Liquid Crystal Templates

J. S. Beck,** J. C. Vartuli,®' W. J. Roth,*! M., E. Leonowicz,*’ C. T. Kresge,!
K. D. Schmitt,’ C. T-W. Chn,! D. H. Olson,” E. W. Sheppard,’ S. B. McCullen,’
J. B. Higgins,' and J. L. Schienker®

Contribution from the Mobil Research and Development Corporation, Central Research
Laboratory, Princeton, New Jersey 08343, and Paulsboro Research Laboratory, Paulsboro,
New Jersey 08066, Received June 30, 1992

Abstract: The synthesis, characterization, and proposed mechanism of formation of a new family of silicate/aluminosilicate
mesoporous molecular sieves designated as M415S is deseribed. MCM-41, one member of this family, exhibits a hexagonal
arrangement of uniform mesopores whose dimensions may be engineered in the range of ~15 A to greater than 100 A, Other
members of this family, including a material exhibiting cubic symmetry, have been synthesized. The larger pore M415 materials
typically have surface areas above 700 m?/g and hyvdrocarbon sorption capacities of 0.7 oc/g and greater. A templating mechanism
(liquid crystal templating—LCT) in which surfactant liquid crystal structures serve as organic templates is proposed for the
formation of these materials. In support of this templating mechanism, it was demonstrated that the structure and pore dimensions
of MCM-41 materials are intimately linked to the properties of the surfactant, including surfactant chain length and solution
chemistry. The presence of variable pore size MCM-41, cubic material, and other phases indicates that M418S is an extensive

family of materials.



A. Corma / Preparation and properties of new mesoporous materials

A Precursor solutions

Micelles and isolated cationic  Inorganic silicate anions
surfactant molecules  (for example, D4R oligomers)

~— .

od .*.

Lamellar SLC




Common chemical reactions used for preparation of colloids may be
performed within “water pools” In reversed micelles (or
microemulsions).

RCgCacas

SRS

“= Nano-reactor

This ensures nanometric size of solid phase thus formed. For
example:
Si(OC,H;), + 2H,0 — SiO,(solid) + 4C,H.OH



[Gamma—radiolysis and the synthesis of sub-colloidal species]
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Main requirements for the synthesis of
systems for nanotechnology:.

The method should allow synthesizing
practically monodisperse nanoparticles of a
given size
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STRUCTURE AND PROPERTIES OF COLLOIDAL

PARTICLES OF DIFFERENT NATURE

g J

Thomson-Kelvin effect
Solubility of solid nanoparticles:
Gibbs — Freundlich — Ostwald equation

L oVpy (1 1
In — = +
L, RT \np

I+

“Ostwald’s ripening”
Dispersion and chemical reactivity

Why does this effect not lead to the dissolution of colloidal
particles and the formation of a macrophase?



[ Metal nanoparticles]

The origin of the majority of specific “nano” properties Is the so-
called quantum effect: the electrical, magnetic, optical, and other
properties of the macroscopic body disappear. Instead, some new
features are observed.

Colloidal nano-sized state of metals 1s sometimes called as the fifth
aggregate state, in addition to solid, liquid, gas, and plasma.

Their properties are well-documented. One of the most interesting
phenomenon is the so-called plasmon resonance (sols of Cu, Ag,
Au).



Metal 1odides

[Structure of a colloidal particle of a hydrophobic solej
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Fig. 1. Gouy-Stern picture of the electrical double layer.

J. Lyklema, 2014
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Correlation between ¥ ; and ¢ potentials:

For highly charged particles in concentrated enough electrolytic
solution (a) and for low charged colloid particles in diluted solution
of an electrolyte (b).



The influence of the ionic strength on the electrostatic and
electrokinetic potentials




A universal method for stabilization of nanoparticles:
adsorption of polymeric molecules







( sio,

nanoparticles
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Fig. 1. Schematic representation of the types of functional groups that occur on the silica surface. (a)
Hydrated and (b) anhydrous silanol groups are associated with the hydroxylated surface whereas (c)
siloxane-dehydrated groups occur mainly on the pyrogenic surface. Redrawn after Ref. [5](a).
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Mechanism of cationic surfactant adsorption at

the solid—aqueous interface

R. Atkin®, V.S.J. Craig® E.J. Wanless®*, S. Biggs?
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Figure 3. Effects of CTAB sorption on nominal colloidal particle sizes
{open circle) and commesponding £ potentials (solid circle) as determined
by dynamic light scattening measurements. Silica colloid concentrafion
15 0.3 wt Y.
J. Phys. Chem. B 2004, 108, 17477—17483 174

Adsorption and Structural Arrangement of Cetyltrimethylammonium Cations at the Silica
Nanoparticle—Water Interface

Wei Wang,*' Baochua Gu,” Livuan Liang,”® and William A. Hamilton?



[ S102 + cationic surfactant ]
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Figure 1. Adsorption of CTA+* cations on 510, nanoparticles {(d =
106 nm) in deljomzed water at 23 “C.

J. Phys. Chem. B 2004, 108, 1747717483 174

Adsorption and Structural Arrangement of Cetyltrimethylammonium Cations at the Silica
Nanoparticle—Water Interface

Wei Wang,*" Baohua Gu,” Livuan Liang,’® and William A. Hamilton?



Si02 + cationic surfactant
(our experiments)
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Fig. Z. The C-potential (1) and particle diame-
ter (2) of s1lica va UTAB concentration.

overcharging



Heteronanoparticles

(diameter 40 nm)

Separate Au clusterson  Rise of Au clusters A thick Au shell of 7 nm
the surface

TEM image of heteronanoparticles

NOBEPXHOCTE. PEHTTEHOBCKHE, CHHXPOTPOHHME H HERTPOHHLE HCCTETOBAHHA, 2008, M 2, ¢ 95-102

NYAK 544 478.1:546.2821°59:546215

TETEPOHAHOYA CTHIIBI HA OCHOBE THOKCHUIA KPEMHUWUSA
C 3010TOMN OBOJOYKON

© 2008 r. H. A. Mateeesckas, H. O. Muepog-Ilerpocan, A. B. Toimauer 58

Hucmmmym MoHORPUCIAAA0SE HAOYHHO-IEXHOA0ZUMECKO 20 ROMILIERCA
“Hucmumym smonokpucmannos” HAH Yepaunw, Xaperos, Yepauna
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solution.
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Colloidal particles with
positive charge (e.g.,
metal oxides):

+ +\+ + + + + + +

Interaction with aniorfic
and cationic surfactants
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Overcharging of positively
charged colloidal particles in
water by anionic surfactants
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[TiOz colloidal particles in Water]

[soelectric points reported in the literature

Sample I.LE.P.
Anatase 6.2
Anatase 4.7-6.2
Degussa P25 (95% anatase, 5% rutile 6.2
Commercial anatase 6.2
Alumina T-8
Silica ~2
Natural rutile 3.5-5.5
Synthetic rutile -7
Commercial rutile 3.2-8
Rutile 4.5
Rutile 3.3-5.8
Rutile in potassium nitrate solution 5.3
Rutile (leached to remove impurities) 3.5

(Chadwick et al. 2002)



Zeta Potential/mV

[ TiOz2 colloidal particles in water ]
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Nano-TiOz2 is the most popular nanoproduct !!




Oil micro- (or nano-) drops in water: negatively charged
particles

Langmuir 1996, 12, 2045—2051

Charging of Oil—Water Interfaces Due to Spontaneous
Adsorption of Hydroxyl Ions

K. G. Marinova, R. G. Alargova, N. D. Denkov, O. D. Velev, D. N. Petsev,
I. B. Ivanov,* and R. P. Borwankar'

Table 1. Electrophoretic mobility and Z-Potential of
Droplets of Different Nonpolar Oils at pH = 6 and 1073 M
NaCl in the Aqueous Phase

electrophoretic mobility  -potential

type of oil »x 108 (m2 V-15-1) (mV)
Xylene —4.44 + 0.96 —60 £ 13
dodecane —4.29 + 0.52 —08 7T
hexadecane —3.77 £ 0.59 —51 +8

perfluoromethyldecalin —3.85 £ 0.59 —52+8
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{Dipolar water molecules around the oil surface]
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Figure 11. Relationship between the  potential of the microbubbles
and the pH of the water. determined by HCI1 and NaOH. The surface
charge of the gas—water interface was strongly affected by the pH of
the water. The result indicated the important role of H™ and OH™ in
the surface charge.



C-potential (mV )

10 - l [Water/air surface: zeta-potential versus pH]

(Prof. James Beattie; Sydney, Australia)



The possible structure of fullerene Ceo particles hydroso

H+

(Analogous to the oil-in-water
and air-in-water particles)

H#

Hf‘
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Nanocarbon structures in water: TEM of dried samples

Detonation nanodiamond
hydrosol

Cs0 hydrosol



[ Nanocarbon structures in water: TEM of dried samples ]
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Aqueous suspension of single-walled carbon nanotubes
(SWCNT)






[ COAGULATION OF THE LYOPHOBIC DISPERSED J
SYSTEMS

Main feature of the lyophobic (in water — hydrophobic)
nanodispersed system is their coagulation in the presence of
electrolytes.

Aggregation or agglutination of initial colloidal species finally
results in phase separation and sedimentation of the colloids.
This allows escaping the excessive surface energy.

The reason Is the relatively weak protective action of the
double electrical layer.
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Nowadays, the generally recognized approach to the
problem is based on the Derjaguin approach and the
DLVO (Derjaguin — Landau — Verwey — Overbeek) theory.
In this theory, the Hamaker diagram “Interaction energy Vvs.
distance” 1S constructed using the electrostatic and
molecular contributions.

Electrostatic repulsion

[Hamaker diagram J

%
{

Secondary minimum

< Molecular attraction

) o Fig. 1.1 Energy—distance curve for T. Tadros, 2007
: Primary minimum electrostatically stabilized systems.




Theory of the Stability of Strongly Charged
Lyophobic Sols and of the Adhesion of Strongly
Charged Particles in Solutions of Electrolytes

By 8, Derjaguin and L, Landaa

1. introduction

The fundamental task of any quantitative theory of the stability of
lyophobic sols is the derivation of a quantitative criterion of their
stability — a criterion giving the relation between the quantities charac-
terizing the properties and state of a sol in the transiion zone between

the unstable and stable states,
When we speak here of stable states we mean not the states which

THEORY OF THE SIA ILIIY
OF LYOPHOBIC COLLOIDS

THE INTERACTION OF SOL PARTICLES
HAVING AN ELECTRIC DOUBLE LAYER

BY

E. ). W. VERWEY awo ] TH. G. OVERBEEK

Natunrkendiy Lodorgtoriom NV, Philps' Olorifampefabriskes,
Eindhoven [Nriksrlands)

With the collaboration ol

K VAN NES

Hugo i-%émakér Overbeek, Detjaguinahd Verwey Lev Landau
(at Portmeirion, Wales, 1968)
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The Interaction between two colloidal particles in an
electrolyte solution is replaced by the interaction between two
plates (see the next slide).
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Overlapping of the diffuse parts of

the double electrical layers

As result, the following equations were obtained:




For highly charged surfaces For low charged surfaces:

U, = 64c,RT Y2 U, =2cecxPe™

K

exp[zF¥, /(2RT)] -1

Where 7= o [zF¥. (2RT Y] +1

Here c istheelectrolyte concentration, W is the electrostatic potential,
x 1sthe reciprocal Debye length, h is the distance between the plates.

A,
127h’

Here 4,, Is the so-called Hamaker constant, with the order of

magnitude of 10-%° J.
A, = (\/ A, _\/Azz)z

Molecular contribution (attraction) sy |U ., =—




Increasing in the ionic strength (electrolyte concentration)
decreases the height of the potential barrier

1/ = 1000 nm

(10-7 mol dm~9)

1/x = 100 nm

< (1075 mol dm~3)

1/ =10nm
¥

Secondary minimum 1 =1 nm

(10~ mol dm~3)

Primary minimum

U, = 64c RT j/ze_Kh B A, 2
K 127h




Modification of the equations for the interaction of two
spherical particles

Derjaguin’s integration results in the following equation:

A'r
U(h)=2 r'Y2In(l+e™ ") - —
(h)=27ng,e,r'¥; In( ) 1on
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Threshold of coagulation = Coagulation point =
Critical concentration of coagulation, or CCC
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Figure 3. Reciprocal Fuchs function (ie., the coagulation efficiency
coefficient) vs the logarithm of the electrolyte concentration (mM) in
methanol: NaClO, (1), HCIO, (2), TBACIO, (3), and Ca(ClO,),

(4) Interactions of Nanosized Aggregates of Fullerene C¢, with
Electrolytes in Methanol: Coagulation and Overcharging of Particles

Nikolay O. MC[IEdJUV-PEtF:_]ISS}'Bﬂ,$|T Younis T. M. Al-Shuuchi,” Nika N. Kamneva," Andriy L Mar}-nin,T
and Vladimir K. Klochkov®
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Fig. 8. The reciprocal Fuchs function (= coagulation efficiency coefficient) vs. loga-
rithm of the electrolyte concentration (mM) in acetonitrile: NaClO4 (1); Ca(ClO4)z
(2); Ba(ClOy4 )z (3); TBACIO4 (4); and CTACIO4 (5). The second stage of coagulation:
Ca(Cl04)z (2/) and CTACIO4 (51).
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Interaction of Cgg aggregates with electrolytes in acetonitrile
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Fig. 13. The reciprocal Fuchs function, or coagulation efficiency coefficient of DND colloidal
particles, W', on logarithm of NaCl (1) and NaOH (2) molar concentrations;
0.0036 wt/vol¥% hydrosol; 25 °C.



Hans Schulze Sir William Bate Hardy

Coagulation with multi-charged counter-ions:
the Schulze — Hardy rule

const
Z n

CCC=



{mAs,S; nHS- (n—x) H"}* x H”

OTHOCHTEIRHOE KoaryImpyroniee AelicTBie Y~ KaTHOHOB
c3apsmamMuz=1,2 13

K~ Ba®t Al
o C. Jluggepy u M. I1Iukrony 1 83 1590
o @. IloBucy 1 40 267
o 1. ®polHIIIXY 1 72 528



The coagulating effect of the counter-ion is proportional to
some high degree of its charge

Table 1
Coagulation points of C60 colloidal solution’ and of some typical hydrophobic

hydrosols®,

Cations Coagulation points of hydrosols, mmol dm™"
Csn Jﬂl.ﬂg Sy Au ﬂ.g‘

Single-charged 80-85 50-66 23-25 136-140
(Na*®, KT)

Double-charged 4.1-4.75 0.64-0.81 035-041 226-260
(Mg2+, Ca®+, Ba2t)

Tnple-charged 0.05-005c 0.08 0.003-0.009 0.067-0.069
(Fe" ™, AF T, La° T, Ce™ ™)

Acids 0.55-0.88 30-31 2.2 -
(HO, H2504, HCO,)

Cationic dyes 0.03-0.057 0.11-0.42 0.002-054 -

! Some examples extracted from a larger body of data [26]; the Cg, concentration
was as a rule (0.98-1.10) x 10~ *mol dm—". The initial sol was filtered through the
0.22 pm filter; on using unfiltered fullerene hydrosols, the coagulation points are as a
rule 1.5-1.7 times lower.

< From Ref. [46].



Table 4. Values of Coagulation Points of Cgy Hydrosol™""*

electrolyte 100 xY,M®  Y(NaCl):Y{electrolyte)
NaCl 1 85" 1
'/ Na,S0, 1 85 1
NH,CI 1 80 1.06
K1 1 80 1.06
KOH 1 27.5 3.1
HNO, 1 1.2 71
HCI 1 0.88 97
HCIO, 1 0.55 155
CaCl, 2 4.1 21
MgSO, 2 4.75 18
'/ Fe,(S0,), 3 0.05 1.7 x 10°
La(NO,), 3 0.056 1.5 x 10°
Th{NO,), 4 0.027 3.1 x 10°
CH,,N(C,H,);HSO, 1 1.8 47
N(C,H,) HSO, 1 0.8 106
C:H. . N(CH,)Br 1 0.032 2.6 X 10°
CsH;;N(CH,)Br 1 0.0052% L6 % 10°
quinaldine red 1 0.047 1.8 x 108
methylene blue 1 0.032 2.6 % 10°
neutral red 1 0.028 3.0 x 10°
indotricarbocyanine 1 0.025 3.4 x 107
1,1'-dimethylquino-2- 1 0.025 34 % 10°

carbocyanine



Table 2 The coagulation points, CCC/mM, of the 0.19% ND hydrosol

Electrolyte CCC z of the anion CCCpacrCO
NaCl 2.8 1 1.00
HCI 5.7 1 0.49
1/2CaCl, 2.4 1 1.2
NaBr 2.5 1 1.1
G]ﬁHj}j}N[CHg]gEr 1.6 1 1.75
NaClO, 1.8 1 1.6
K1 0.76 1 3.7
NaOH 0.27 1 10
CgH,-50,Na 0.15 1 19
Ci2H;s080;Na 0.039 1 72
C14H20080;Na 0.031 1 a0
C,cH3;080,Na 0.041 1 68
Na,S0, 0.17 2 16
K:;Fe(CN)g 0.014 3 200

K,Fe(CN), 0.0048 583

1=



const The DLVO theory predicts n = 6 for highly
CCC= charged colloidal particles, in the absence of
adsorption:

The ratio of 1/(CCC) forz=1, 2, 3, and 4
Should be 1: 64 : 729 : 4096

Besides numerous results published in the literature, let us
consider our data for hydrosols:

Fullerene Ce0 (“negative” sol): 1: 20 : 1500 : 3100
Detonation nanodiamond (“positive” sol): 1:16:200 : 583
SWCNT suspension (“negative”): 1:111:6000
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The reasons of deviations from the classical DLVVO theory

(3) Influence of solvation (hydration) of ions

(1) Adsorption of counter
(2) Polydispersity

SCT1CS

Overcharging



Figure 4. Dependence of the zeta potential of the Cg colloid in
methanol on the concentrations of the electrolytes.



Table 2. Values of the Zeta Potential of Cg, Colloidal
Particles in Methyl Alcohol with Electrolytes

added electrolyte Kr f ¢/mV
Ca(ClO,),, mM

0.020 5920 1.18 -15 + 2
0.050 9.360 1.25 =12 +1
0.080 11.85 1.28 -4 +1
0.090 12.56 1.29 -12+12
0.10 13.24 1.30 +4 £ 2
0.20 18.73 1.34 +21+1
0.25 20.94 1.36 +25+ 2
0.50 29.61 1.39 +26 + 1
0.80 3746 L.41 +23 £ 1
1.0 41.88 1.42 +9+1
2.0 59.23 144 +11 £ 3
2.5 66.22 1.45 +26 £ 1
Ba(ClO,),, mM

0.010 4.190 1.13 -24 + 2
0.030 7.250 1.21 +18.2 + 0.5
0.050 9.360 1.25 +18 + 2
0.10 13.24 1.30 +23+ 2
1.00 41.88 1.42 +24 + 2
La(ClO,);, mM

0.30 32407 1.40 +34 £ 2
1.00 59.23" 144 +37+ 3

?Calculated for the complete dissociation of La(ClO,)..



The overcharging and polydispersity leads to
deviations from the classical DLVVO theory
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Puc. 6.31. TlonHaR aHeprua Baanmoneﬂcraun ABYX YaCTHUL C pasnHyHbIMA NOBEpPX-
HOCTHbLIMM NOTOHUMANEMM, ! -a

Paauycel 4acTHy 6 , = a , = 1250 Rid=5.10"20% 1/x=10"M [Parfite G.D.
Dispersion of Powders ia Liquids (2 nd ed ) Apphed Science, 1973, Chap. 1].



Puc.6.31,8, ., MB 0 MB PHC.6.31,6 y,, MB y,, MB

Kpusaa 1 +35,86 + 35,86 Kpuean 1 + 5,12 + 35,86

2 435,86 +20,48 2  +5,12 +20,48
'3 +35,86 + 10,24 3 +5,12 +10,24
4 +35,88 + 5,12 4 +5,12 +5,12

5 + 35,868 0

6 + 35,86 - 35,86
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[Coagulation via surfactants

J ,

The logarithm of the CCC
values of alkylammonium
chlorides for the  Agl
hydrosol versus the number
of carbon atoms

S

JNocapupm nopoca noagyasyuu (mmons /1)

-

Freundlich et al. 1927

Crucial role
of adsorption
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[Stabilization of lyophaobic sols using polymers]
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Puc, 8.34. Heprua B3aMMOAGACTBHA ABYX YacTUY C ancopbupoBaHHbIM Ha NO-
BEPXHOCTH cnoem nonumepa [Hesschpk I. Fh.,lVr;; A.,\Overbeek . Th.G.,

J. Phys. Chem., 75, 2094 (1971)}, o

' Monaxynapuuﬂ sec nonumepa 6000 (cpenﬂnn nnm-la MaKPOMONeKynel 54 A)
NOBEePXHOCTHAA NMOTHOCTL agcopbeHTa 2 - 108 r/pm ; NocToAHHaA Iamakepa
A =10=2[x, -



Stabilization Flocculation

0 QD

Puc. 6.35. Monenu s3aMMOlBHCTBUA YacTUY C ancopoupoBalHbLIMKM Ha NOBEPXH(
TH NONUMEPHLIMH MONeKyNnamu.

a — NNOTHaA BACOPGUMA NPUBOMMT K OTTANKWUBAHMIO, 6 — puixnan ancopbuma — &
KOarynAuMH nyTem CWHBAHWA.



