Course ,,NP in the environment” - NP preparation

Processes for the production of nanoparticles

Production processes

in a iguid phase

in a gaseous phase

Precipitation process

o in homogeneous solufion

o In surfactant based systems

Aerosol process
e Flame hydrelysis

s Spray pyrolysis

Sol - gel process

Hydrothermal process

(W. Hintz)



Edncis

Nucleus formation Critical supersaturation
- Murang of educts, temperature, efc.
Nuclens
- Growih Integration or diffusion-limited
' L}
: : particle growth
Primary particle
i ¥
f
=
= Agglomeration Transport mechanism
EH Deagglomeration diffusion or comvecion-controlled
= Particle interaction
- - :
- 1 vian-der-Maals affractien
Agglomerare electrostafical / sterical repulsion
Agglomerate structure
T . . . Euldidical geometry, fractals
Stabilizsation of the nanoparticles against agglomeration ! g vk

(W. Hintz)



Mechanisms of formation of monodispersed hydrosols, Model of LaMer and Dinegar (1950)

Cs

S o O
+ % @ o ° o O
- o o O
ol I Q O
AT O%Uc:-
/ nucleation

growth

growth

OD
o
o0

' GQG

Sast homogeneous nucleation

crifical supersaturation Cy

growth process by diffusion
supersatiuration

saturafion concentrafion Cs

Y i L

=

nucleation

=
=

process time

(W. Hintz)



Different approaches to synthesize nanoparticles in liquids

OFgEMC MONamers

polymersation as

emulsion  suspension

particles in suspension  particles in suspension particles in suspension

latey

examples:

PS 0.1 - 1000 pm
PMMA 0.3 - 1000 pm
MF 1.0- 1000 pm

microparticies GmbH

hydrolysis

sl sl
ATy S
T
Zri
FeyOs

|

hydrolysis

|

oligomerisation
polycondensation  polycondensation

inorgamic salls  inonganic monomer: | mefal organic compounds

|

hydrolysis

polycondensation

particles in suspension

sol

A0y
TiOs

MOROMEr, N eic.

nucleation

growth

primary parficles

Cstwald ripening

agglomeration and
redispersion

(W. Hintz)



Precipitation — in homogeneous solution, synthesis of silver bromide
(gelatine)
Ag- + Br AgBr
silver bromide

Controlled double jet precipitation technique, nucleus formation, followed by growth
reaction and Ostwald ripening

ons

~ KBr

complex and cluster formation
- ¥

wo | embryos |

cluster formation

i e o 5 N I
Il . : nuclei |

|
== ; growth
)i iH ettt g | primary particle

growth, coagulation, ...

" I3 .
r L
[ : [} r

g colloids

AgBr : 7 nm - 60 nm, particle system dependent

a lot of Syntheses ona Iaboratory scale T. Sugimoto: J. Colloid Interface Sci. 150 (1992) 208 - 2



Precipitation — in surfactant systems, synthesis of silver bromide

W / O - microemulsion
Ag® + Br’ -  AgBr

Principle of precipitation in surfactant systems (microemulsions, emulsions etc.)

Agt+ NO;y in a MNa*+ Br in a
W / O — microemulsion of W/ O — microemulsion of
Aerosol OT, n - heptane and water Aerosol OT, n - heptane and water

/

mixing of both microemulsions

~

precipitation of AgBr in water droplets

of a W / O — microemulsion with
Aerosol OT, n — heptane and water

particle sizes: dependent of particle and microemulsion system
advantage: particle size can be controlled by droplet sizes in the microemulsion system

variety of syntheses on a lab scale

disadvantage: particles have up to 80 % of organic compounds
Monnoyer, P.; Fonseca, A. und J. B. Nagy : Colloid Surf. A 100 (1995) 233 - 243



Some surfactants

(OCH,CH,), OH

Phase diagram of aqueous

Aerosol OT surfactant solution
Sodium(bis-2-ethylhexyl)sulfosuccinate
(CMC = 2,5-10%mol/:25°C, Hz0) temperature i

SDS
Sodium dodecyl sulfate

monomers
(CMC = 8,1-10mol/l; 25°C H-0) |

CMC

micelles
I

s

Dodecyltrimethylammoniumchloride /' KRAFFT-point K

(CMC = 1,7-10mol/l; 25°C, H20)

¢

solubility
oy

B

[ lowear mixing gap

Triton®X-100 surfactant concentration
tert -Octylphenylpolyethylenglykol
(n=9..10;CMC=3,16-10"mol/;25°C,H.0)

Dodecylhexaethylenglykolether
(CMC = 8,7-10°molll; 25°C, H20)
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Structures of microemulsions

S
VO

"?\““-x__i,_

Qil - In - water - microemulsion

bicontinuous microemulsion

water - in - oil - microemulsion




2 phases 3 phases 2 phases

(w11 1
il
Wl
]
L i RS
W )
Winsor | m 0
e
Ircreasing Emoerabu e

[non-onic sriacianis)

Ircreasing Salinity
T Lot | ot |

Winsor classification and phase sequence of nuicroenml-
cions encountered as tempersiure or salimity is scanmed
for non-ionic and jonic surfactant respactvaly. Most of
the surfactant resides in the shaded area In the three-
phase system the middle-phase microernmlsion (M) is in
equilibriom with both excess odl (O) and water (W)

Willrwsoe iype I o il

Temary dizgram representagons of two- and thres—phase remons
formed by simple water—oil—swrfactsnt systems at constant pem-
peramure and pressure. {(a) Winsor I ope, (&) Winsor I type, ()
Winsor IIT type systems.



Phase behaviour of microemulsions, pseudo binary phase diagram of a microemulsion system
consisting of water, n — decane and n - hexyltriethylenglycolether

H,O - Byo- CsE5
o =50 wt %
40 : : :
7 7 % %
30 L 2
TRC
r/ 77 ’_/,/
20 _{ 3 e 2
i‘\o—-—-—:f—-f"’c
10 L ) 2
0 | . |

0 10 20 30 40
—> Y /wt%



Phase diagram for a ternary system consisting of water - oil - nonionic surfactant

nonionc suriactant
()

r Winsor i -
. water [ oil
water
11
T [ Winsor Il -
ail
3 8| 7 middle phase
, waler
LISP,
Winsorl :
.I.;hn‘l-\l\'\'\.: m
2
:\3‘1,: : oil | water



T. Sugimoto: Fine particles-synthesis, characterization,

Process: SOl _ GE' _ Synthesis _ Precipitation and mechanism of growth, Surfactant Sci. Ser. Vol. 92,
Marcel Dekker, New York, 2000

Chemical reactions: Hydrolysis - Polycondensation

Preparation of silica nanoparticles

Suspension in ethanol

Hydrolysis:  Si(OC;H + 4H0 Si(0O + 4C H
yaroly (OC2Hs)s : pH 11-12 (NHj) (OHDs 2Hs0

Suspension in ethanol

Polycondensation: Si(OH), nano- SiQ; (Sol) + 2 H;0
pH 11-12 (NH3)

Principles: Nucleation, nucleus growth, Ostwald ripening, (agglomeration)
Controlled double jet precipitation (CDJP)

& 2 M rerreechylorthosilicare
QR EeRI S Warer o
ethamnel

paridcles 50 nm — 10 uen

reraedylorthosilicate / ethamol

Transmpsion elecren microscopy (TEM)
image af Siober particles

Products: titanium (IV) —oxide, aluminium oxide, zirconium (IV)-oxide
nuclear power materials ThO2, UO2, PuO2 (W. Hintz)



Growth mechanisms of particles
Reaction — limited cluster aggregation RLCA

Reaction rate : Hydrolysis >> polycondensation
pH of suspension : pH in an acid range

Formation of polymer - like networks, porous particle with small pores

Reaction — limited monomer cluster growth RLMC (Eden growth)

reaction rate : Hydrolysis << polycondensation
pH of suspension : pH in an alkaline range

Formation of large, nonporous particles, colloidal gel with large pores



Morphology of silica nanoparticles

SifOH) 4
‘

IMmers
{
pH < Tor f:*'f*—' ;

PH 7 - 10 with salfs Pariicles pH 7 - 10 without salt

l

@1 nm
7 N\
ﬁ” o

\m:

O‘ 10 nm

o 0 nm

3 — dimensional gel network
100 nm

Sol (Staber — Parficles)

Brinker, C.J.; Scherer, G.W. : Sol-Gel-Science, The Physics and Chemistry of Sol-Gel-Science, Academic Press, San Diego, 1990
(W. Hintz)



Stober process for generating monodisperse silica particles particle formation models

Moadel according LaMer and Dinegar (1950)

atieres of wparely roluble compounds
mr_m o ’ o sparely soluble monomers
e dllﬂ,nnﬂ ﬂﬂ'ﬂgﬂ céguﬂ O- o 00 o and oligomers
-4 8% 98 0 'D% DDD
Jan hemepemaons muclsadien fractal strucrures of oligomers
eriical superrenraden Oy
L e i
growd provess By diffasion pﬂ.r'n;ffﬂfﬂml-ﬂﬂ-ﬂﬁ Elj.'
speriaturation densificanon of fractals
ranragen conceniratson Oy
f . =
’ monemer addifion onte
particle surface
Model according Bogush and Zukosks (1992) : “_ _
P stable sphencal parncles
“explosive”™ nucication precess  reamanpemeny ans dosgprepation  ables spherical particles
+:—_,_- =, @ w o W o 0D O O Model according Bailey {1992)
e LT N @ o0
& 0g Ta & & g <+ - 1::' D
"y larper aggrepaios FrOCEEs B

V.K. LaMer, R.H. Dinegar, Theory, production and mechanism of formation of monodispersed hydrosols, J. Amer. Chem. Soc.72(1950) 4847-4854
J.K. Bailey, M.L. Mecartney, Formation of colloidal silica particles from alkoxides, Colloids and Surfaces 63 (1992) 151-161
G.H. Bogush, C.F. Zukoski, Uniform silica particle precipitation: an aggregative growth model, J. Colloid Interface Sci. 142 (1992) 19 -34



Influence of pH and drying conditions on the morphology of silica particles

gels

'

drying

I=Ir I'=TI¢ I=I¢

|

eryogel aeregel xerogel

HHE

5ol
i
agglunnanen
I
coagulanon coacervanon
pepnsanen
stlica silica

0
0O O

00 OO

(W. Hintz)



Sol - gel processing

aoopaod delydratisation
GO0O000
[iYaleRalelsls
G000000
Precursor 5.::'!' x\
coafing . .
OFEaNIc SHSPension
dipping \
- surfactants e

@ @
o

spherical particle in gel structure

D Calcinafion
Calcination
3
‘ -
&
T g
Thin f.ﬂ'_‘l.'E'r‘ stricture Powder

Aerogel

.r:l‘.-j ing

™~

Xerogel

Calcination

Li

Ceramics

C.J. Brinker, G.W. Scherer: Sol-Gel Science, The Physics and Chemistry of Sol-Gel Processing, Academic press, San Diego, 1990

safi Criogel
chemical reaction ‘-" chemical reaction dﬂ'mg

(W. Hintz)



Coating processes by TiO,

Precursor Tfﬂ? nanoparticle Ti0_ agglomerate

2

-0 - 5

|
%

r oy =N
— (o5 b T L
“ / &
e g~ SR AN - -
Te— SEM image for coated 332 nm silica with 20 %5 (wt/wi)

dense, closed homogeneous laver of  heterogeneous laver of
Ti0, layer mono-disperse 110, polydisperse 110, particles

(W. Hintz)



Hetero-agglomeration process for coating silica particles with titania
Zeta-potential of silica and titania particles in dependence of the pH
value

40 ‘jf‘{)—c\( —o— silica particles stable
_ At —o— fitania particles ——

I
—
|

p.z.c.of TiO; ar pH 6.8

_______ k—-———————————— > instable

p-reof SiOar pH 2.3

Zeta-potential in ml’
T
|
v
|

b
—
|

A
stablie

b
=
j[

2 4 6 8 10 12

Surface modification PH value
(W. Hintz)



Heterogeneous polymerisation techniques of particle formation

polymerisafion
LGNS - palymer
auxiliaries {e.g. initiators,
buffer, emulsifier, stabiliser)

Homogeneous systems: bulk polymerisation, selution pelymerisaion ——=  bulk polymeric mass

Heterogeneous systems: emulsion pelymerisation, suspension polymerisation, dispersion
pelymerisanion, precipitaiion pelymerisation, miniemulsion

pelymerisanion = latex partices
e = pelymer latex
emulsion polymerisation Ef‘- _E: particles
| :E 'E Be
emulsifier free emulsion polymerisation = = 1
=
g
dispersion pelymerisation & =
suspension pelymerisafion E‘ 2| F
precipitation poelymerisation = E,
1 1 1 1 1 n"

Q.01 pm 0.1 pm 1.0 pm 10 pm 100 pm 1660 pm



Emulsion polymerisation process

o mﬂ;ﬂ 1]
“%@ 7
"F-H-r.-:ll-: - -

Waseer
Lll-r.l.'l.dl.d'-'l |:|"".
H"' tmdm.l 5

= I

\ 3

1) Particle formation (Nucleation)

Period of Inside the O/W emulsion, there are micelles (5-10 nm), surfactant
stabilized monomer droplets (1-10 um), and initiator (e.g. hydrochloric acid, y
, OH-). Monomer is (a) solubilizised inside micelles, and sparely dissolved in
water. Initiator forms monomer ions, with the in water sparely soluble
monomer (N-butyl-2-cyanoacrylate) oligo-ions. These oligo-ions are stabilized
by surfactant (swollen micelles), or solubilizised in monomer containing
micelles. Polymerisation starts; formation of small latex particle.

Il) Period of growth

Latex particles grow until monomer droplets in emulsion are gone. Increasing
surface area of the latex particle adsorps more surfactant molecules, no
micelles. Disappearance of droplets.

lll) Period of final polymerisation
Rests of monomers in the latex particles (50-300 nm) are polymerized



Polymerisation process in mini-emulsions

O® O phase I

L
00 o ol High shear
ulirg sonic waves

— }

polymerisamon
Process L

w

Lo
PN Jﬁ?h : 93
1I",l:'.fz::l.wf w

phase I water nanodroplers: rang-reactors: 100 - 500 mm
surfactant rimemcally stable polymer particle is 1:1 copy
Imifator small (100 - 500 nm) af nanedroplets
phase IT- ol homogeneons in size
amaner Physical characteristics of emnlvion droplers
i 2-a
Laplace pressure: My T radins  Laplace pressure  shear ralte fo rupture
in nm in MPa in
- 10 20 1w
Shear rate to rupmre: ¥ = - 100 82 1w
g 1,000 842 1
10,606 0.002 1

mitero-emulsion: thermodymamically stable emulsion (oil, warer, surfactant, co-surfacians)

omly kmerically stable emulsion:
naro-emulsion (1 - 100 nm) mirni-emulston (100 - 1,000 rm) macro-emulsion = L0 pm




Growth of mini-emulsion droplets

Ostwald ripening m L l

E:’-E coalescence

diffusion of oil
throngh the -l.'- L

wirter phase

i‘rﬁ.&}

collision and

fusion of
oil droplets

suppression of Cstwald ripening

'

hydrophebic solvents with a very
low selubility in the continuous
phase have to be used

DO

Ferces: same chemical potential in ea

X

miﬂ}?ﬂ effective surfactants

Sodinm dodecyl sulphate

&

ch droplet -

Lutrol F&8

suppression of coalescence

£

osmoiic pressure vi. Laplace pressure

K. Landfester: Recent developments in miniemulsions - Formation and stability mechanisms, Macromol. Symp. 150 (2000) 171-178




Aerosol nanoparticle synthesis - Chemical and physical processes
Particle formation in aerosol processes

Gas to particle conversion (GPC)

supersaturated vapowr: —  *

reaction nucleation growth coagulation separation
o
Alg) » Blg) o 1-?:1;( . *r%?jﬂ .
Particle to particle conversion (PPC)
solution of precursor : .
droplet : iniraparticle separation
ge Gon Evaporation sion
O C
__.-II J T
. l__.-—-._ll"-_ — -__alf__.-_.-' . gl__u;u
r:—-L_J,f—x ey oo
| o b
AR

(W. Hintz)



Aerosol process - flame hydrolysis, Aerosil process Degussa 1942 - synthesis of silica

H- + Ok 2 HaO

SiCL + 2H0 =0 + 4 HC

SiCl, + 2H, + O, . Si0, + 4 HCl
silicon telra chioride : e

production in flame reactor

principle :
SiCly 1000 °C separation :
| i . q.. 0o O air cyclonse
- -3& =) -
‘ lI E:}l;‘*i Dﬂ." gD o O electrostatic fiters
e fabric fiters
H Oy

particle size range : primary particle size 7 —40 nm, spherical, amorphous particle
powder as agglomerated particles of high porosity
specific surface area50—-400m2 /g

Products : titanium dioxide , aluminium oxide, zirconium oxide, zinc oxide



Particle morphology during flame hydrolysis

. Particle concenfration

M % 8 & W

aggregation

o o© o0 O 00
% o, o© 0 o O O
particle growth ]

temperature



aerosol process - flame hydrolysis, synthesis of titanium dioxide - chlorine process

1000 - 1300 °C
TiCls + 2HO = TiO: +  4HC
Btanmurm tetra chionide
000—1300eg  nm e
4HCI + O, - 2H0 + 2Ch
hydrogen chlonde
Ticlk + O . TiD: + 2 Ch

_ - o btanum dioaide
apparatus for titanium dioxide powder

L. E g i — — {0y
Prahaatar Pro-aaie! -
| I-_II:I-Er-:l'-I:: |
Jane particle size : 100 - 400 nm, amorphous particles,
[:I I:’ product of anatase / rutile, part of rutile increases
Elkcific lunaca .
T, Ly with temperature
Carburetio I e minimum aggregation and high dispersity of
' f powder

(W. Hintz)
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aerosol synthesis using laser light, synthesis of silicon carbide and silicon nitride

SiHs +  CH4 - S+ 4H
sificon hydride silicon cartede

3SiHs + 4 MH: . SisMs  + 12 H Reaction chamber for powder

_ _ _ N synthesis using a laser
EiIIII'I ""}'ﬂﬂd'E ‘Ellﬁ:ll'l I'Il'tl'll:h' Lm0 ] l:'J_l:' ‘“Er

L]
resctve zone
iG] - window i - window

S -

advantage : particle of high purity , monodisperse
particle size distribution, exact stoichiometry

disadvantage : precursor has to absorb laser light T
only on a laboratory scale, mass produced 1 -100 g



Methods for powder generation with spray processes

miethicds starting matenal process steps

spray drying SUSpEnsion solvent evaporation

spray drying solution solvent evaporation, crystallization
spray calcination SuUSpension solvent evaporation, calcination

spray decompasition

spray hydrolysis

spray pyrolysis

plasma evaporation of

solutions

solution of inorganic salts

non agueous solution or

liguid metal compound

solution or melt of metal

organic salls

solution

solvent evaporation, calcination

hydrolysis by water vapour, for soluticns

solvent evaporation

thermal decomposition, for solutions

solvent evaporation

solvent evaporation and nucleation /

crystallization in a gaseous phase

(W. Hintz)



Spray hydrolysis

TII:D::-_I::H Ll EH;':'

TiO, +  4C;H.OH

= TiQ: + 4HC

TiCle + 2H:0

Particle :

mostly non agglomerated,
spherical particle with high purity
hollow and porous particle can be
formed easily

controlling of powder porosity by
concentrations in droplets and by
temperature gradients

Formation of nonporous and porous particle

by spray hydrolysis
."-.. ¢ %
[ ':. droplets
% e
formation of non- Ir’r |-’ crust formation
porous particle s
- w : " ey
4 : i i
ry particle a N
rticd {3
nonporous particle . l;____;',' dry particle
densification l |
1
nonporous den- g O porous and hollow

sified particle



Carbon Nanotube: A Form of Carbon

(metastable) Graphite (stable)

Bucky ball Nanotube = rolled sheet
(metastable) of graphite

L+

r4

L

Smalley & Kroto, 1997 Nobel
Helical Microtubules of graphitic Carbon, ljima, S, Nature, 354 (6348) 56-58 NOV 7 1991

Cited: =4000 times

Accounts of Chemical Research (2002), 35(12). Entire issue is based on Nanotubes.
Dai, Hongjie. Carbon nanotubes: opportunities and challenges. Surface Science (2002), 500(1-3), 218-241.



Different Types of Nanotubes

,.ll""

pppdt it

L]

a1l zig zag vector
a2 reflection over armchair line

armchair  Zig-Zag Chiral

TEM Chiral

Science, 297, 2 Aug 2002

The (n,m) nanotube naming scheme can be thought of as a vector
(Ch) in an infinite graphene sheet that describes Science, 297, 2
Aug 2002, armchair Zig-Zag Chiral TEM Chiral how to 'roll up' to
graphene sheet to make the nanotube. T denotes the tube axis,
and al and a2 are the unit vectors of graphene in real space. It is
based similar upon diagrams found in the literature (for instance,
Odom et al. Topics Appl. Phys., 2001, 80, 173).

e B b



Single Wall and Multi Wall Nanotubes

Up to cm long
I
/ T
SWNT e MWNT
(single (multi
miultiwall)
Wall nanotube) Diameter 10-20 nm

Diameter ~ 1.4 nm

lijima, Sumio. Carbon nanotubes: past, present, and future. Physica B: Condensed Matter (2002), 323, 1-5.



Methods for Fabricating Nanotubes

Arc Discharge: ~ 1mm spaced
carbon electrodes Metal doped electrodes (Fe, Co, Ni, Mo): SWNT

| nert

_i@nmher&
F—L_TMW Pure graphitic electrodes: MWNT

11

DC (20 V, 100 A)
Generates an arc

During this process, the carbon contained in the negative electrode sublimates
because of the high temperatures caused by the discharge. Because nanotubes were

initially discovered using this technique, it has been the most widely used method of
nanotube synthesis.

The yield for this method is up to 30 percent by weight and it produces both
single- and multiwall nanotubes, however they are quite short (50 microns)



Methods for Fabricating Nanotubes

Chemical vapor deposition (CVD)

EREER
gas guarz tube
'""fTE,) o _ ! )gaipuur:t
=
Gszlﬁz ﬁ;ﬁ?z ‘E ‘E T ? ? T e

CviEN
FONE

- C based gas
-(acetylene, ethylene, methane)
- Catalyst (Fe, Co, Ni)

« Temperature 700-1000 C

CO, Fe(CO)5
Commercial process
97% Pure, 450 mg /hr

Purification of carbon nanotubes to get precise composition and size

e Oxidation: Damage to SWNT (closed structure less reactive) less than other carbon / metal compounds
e Acid treatment, Ultrasonication (Metal removal)

e Magnetic removal of catalysts

e Microfiltration (SNWT trapped), fullerenes solvated in CS,
e Functionalization, Cutting using fluorination and pyrolysis

e Chromatography (HPLC-SEC)



Nano-clays — nanocomposite based on exfoliated clays
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