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Important criteria for the properties and fields of use of nanoscale and submicroscale metal
particles include the particle morphology, the mean particle size, the particle size distribution, the
15  stability of the dispersions in terms of colioid chemistry, and the processing properties of the

particles,

Metal colloids can be characterized with regard to particular properties using their UV/Vis spectra.
For instance, they exhibit a so-called plasmon peak, which originates from a collective oscillation
of conduction electrons as a reaction to an oscillating external electromagnetic field. The shape
20  and size of the plasmon peak can be characterized by the E.i0/En ratio where E;, corresponds to
the absorbance maximum of a plasmon peak and E.. 00 to the absorbance of the metal sol in the
UV/Vis spectrum at the absorbance maximum plus 100 nm. For silver nanoparticles, it has become
an established convention to use the Esqp/E,, ratio, i.e. to form the ratio of the absorbance at 500 nm
and at the peak maximum. This is valid since an absorbance maximum between 400 and 420 nm
25  can be assumed for silver nanoparticles, The shape and size of the plasmon peak can then be used
to draw conclusions about the particle size and the particle size distribution of the sample. In
addition, the UV/Vis spectrum also changes when the sample agglomerates: the plasmon peak

decreases in intensity and broadens.

The prior art discloses various processes for producing metallic nanoparticles. A known principle
30 s the direct chemical reduction of dissolved metal ions in the liquid phase. The aim of many
variants of this method is the production of dispersions, stable in terms of colloid chemistry, of
metallic nanoparticles with narrow particle size distribution and defined surface properties. The

different variants are characterized by the selection of the reactants, the reaction conditions and the
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Methods for producing concentrated nanoscale metal oxide dispersions and the further use thereof
in the production of nanoscale metal particles have thus not been disclosed to date. There therefore
still exists in the prior art the need for a process for producing concentrated metal particle

30 nanosols, for example from concentrated nanoscale metal oxide dispersions.

The present invention has for its object to overcome at least one of the disadvantages mentioned in
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as a heterogeneous precipitation of nanoscale and submicroscale particles.

In the second step, b), of the process according to the invention, the solution which comprises the
metal oxide/hydroxide particles is reacted with a reducing agent, In this step, a conversion takes

15  place in the solid phase.

The distinguishing feature of the process according to the invention is that the heterogeneous
precipitation of the nanoscale and submicroscale particles takes place in the presence of a

dispersing assistant, also known as a protective colloid.

The process according to the invention offers several advantages over the prior art. For instance, it
20 is now possible to produce dispersions of metal nanoparticles which have high solids
concentrations without having to concentrate. In the case of silver nanoparticles, for example,
solids contents of 2 1 g/l to < 15.0 g/l can be achieved. If, though, a concentration for which the
dispersions produced by the process according to the invention are also suitable should be selected,

< 97.0 g/t or even higher solids contents can be achieved.

25  In addition to the high solids contents of the metal nanosol, a further advantage is that the particles
can be produced with a narrow particle size distribution. For instance, it is possible to prepare
silver nanosols whose UV/Vis spectra have an Esq/E,, ratio of 2 0.01 to < 0.8, of 2 0.1 to £ 0.33
and of 2 0.15 to < 0.25,

In addition, the metal nanosols produced in accordance with the invention are notable for a high

30  stability in terms of colloid chemistry, which is maintained in the case of an optional
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If appropriate, it is also possible to add further substances, such as low molecular weight additives,
20  salts, extraneous {ons, surfactants and complexing agents, to the reactant solutions, which is also
understood to mean the solution of the reducing agent in step b), or the solution obtained after step
a). In addition, the reactant solutions can be degassed before the reaction in order, for example, to
remove oxygen and CO,. [t is likewise possible that the reactant solutions are handled under

protective gas and/or in the dark.

25  Acids or bases can be added to the solution obtained after step a) to establish a desired pH. It is
advantageous, for example, to keep the pH in the acidic range. This allows the monodispersity of

the particle distribution in the subsequent step b) to be improved.

Appropriately, a molar ratio between the amount of hydroxide ions and the amount of metal
cations of > 0.5:1 to < 10:1, preferably > 0.7:1 to < 5:1, more preferably > 0.9:1 to < 2:1, is
30 selected.

The temperature at which process step a) is performed may, for example, be within a range of
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are maintained even in the case of a subsequent concentration. It is even possible to remove the

20 solvent and then to redisperse the particles without losing their colloidal properties.

It is envisaged that the dispersing assistant has a molecular weight, in the case of polymers
expressed as the weight average M, between = 100.g/mol and < 1 000 000 g/mol and preferably
between = 1000 g/mol and < 100 000 g/mol.

The selection of the dispersing assistant also allows the surface properties of the particles to be
25  adjusted. Dispersing assistant adhering on the particle surface can, for example, impart a positive

or negative surface charge to the particles.

In one embodiment of the present invention, the dispersing assistant is selected from the group
comprising alkoxylates, alkylolamides, esters, amine oxides, alkylpolyglucosides, alkylphenols,
arylalkyiphenols, water-soluble homopolymers, random copolymers, block copolymers, graft

30 polymers, polyethylene oxides, polyvinyl alcohols, copolymers of polyvinyl alcohols and
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from the solutxon are covered WIth dlspersmg assistant to such an extent that the desired properties

25 such as stability and redispersibility are maintained. Secondly, excessive enveloping of the

particles with the dispersing assistant is prevented. An unnecessary excess of dispersing assistant

might also react undesirably with the reducing agent. Furthermore, an excess of dispersing

assistant is disadvantageous for the colloidal stability of the particles and hinders further

processing. The selection not least allows processing of liquids with viscosity which is easy to

30  handle in terms of process technology.

In a further embodiment of the present invention, the metal salt solution comprises ions which are
selected from the group comprising iron, ruthenium, osmium, cobalt, rhodium, iridium, nickel,
palladium, platinum, copper, silver, gold, zinc and/or cadmium. These metals precipitate out of

basic solution reliably as oxides/hydroxides and, in reduced form, are stable with respect to



15 bioconpatibility. Hydrophilicity and hydrophobicity of the
nanoparticles are, for exanple, inportant when the particles are to
be-di spersed in a particular nmedium for exanple in polynmers. The

bi oconpatibility of the surfaces allows the use of the nanoparticles
in medical applications. In a further enbodi nent of the present
invention, the dispersing assistant is present in at |east one
reactant soPikiiesnbyi simesphesiscesmgenakuribermofe, they cgnct telsctrion) ovwrent pradifyeand thixe
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sol ution contalni ng hydroxi de ions may 20 appropriately be within a

range of 0.001 nol/1 to 2 nol/1, preferably 0.01 npl/1 to 1 nol/1,
30 TIn principle, it is also conceivable that the metal oxide/hydroxide particles can be reduced by an

electrochemical route by means of anode and cathode. However, the reducing agents mentioned

are preferable since they can be used without any further apparatus complexity and are easy to



In a further enbodi nent of the present invention, the reducing agent
is selected fromthe group conprising polyal cohols, am nophenol s,

ani no al cohol s, al dehydes, sugars, tartaric acid, citric acid,
ascorbic acid and salts thereof, triethanol am ne, hydroqui none,
sodiumdithionite, 25 hydr oxyrret hanesuff)hi nic acid, sodium

di sul phite, formam di nesul phinic acid, sul phurous acid, hydrazine,
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that the scale-up fromthe | abor at ory scale to the production scale
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to the invention t oW n e rea
blocked in contlnuous operatlon

It is preferred to perform the heterogeneous precipitation process to prepare the metal
oxide/hydroxide particles as a microprocess in a capillary system comprising a first delay zone, a
25  second delay zone, a microreactor, a third delay zone and a pressure valve. Particular preference is
given to pumping the reactant solutions, i.e. the solution containing metal salt solution and the
hydroxide ions, by means of pumps or high-pressure pumps, for example HPLC pumps, through
the system or the capillary system with a constant flow rate, The pressure valve downstream of a

cooler is used to decompress the liquid and collect it in a product vessel via a discharge capillary.

30 The microreactor is appropriately a mixer with a mixing time of > 0.01 s to < 10 s, preferably

>0.05sto<5s, more preferably 2 0.1st0<£0.5s.

Suitable delay zones are capillaries with a diameter of 2 0.05 mm to < 20 mm, preferably = 0.1 mm



control |l abl e product properties, performance in a mcroreactor is
possi ble without it becom ng bl ocked in continuous operation. It is
preferred to performthe heterogeneous precipitation process to
prepare the netal oxide/ hydroxide particles as a mcroprocess in a
capillary systemconprising a first delay zone, a 25 second del ay
zone, a mcroreactor, a third delay zone and a pressure val ve.
Particul ar pPreflaradeue prefegplyed- 3 mmpuFprAYy t he reactant sol utions,

i.e. the solution containing netal salt solution and the hydroxide
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punps, through the systemor the capillary systemw th a constant

flow rate. e Brioerepictraplyx/&! Bdna8fmeam of a cooler is used to
deconpress the liquid and collect it in a product vessel via a
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pref erabby preferablyt2g°Q o< §0°C, morg prefetablyl> ICirs 3¢f6r e preferably a 0.5 mm
to 5 Mm The length of the delay zones is appropriately between a
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15The invention |likew se relates to the use of netal particles which
have beéf pTieducedondikeqis@retatss ssthe use of metal particles which have been produced by a process

according to the invention for producing catalysts, coating materials, functional layers, transparent
conductive layers, metallurgic products, electronic products, electroceramics, optical materials,
biolabels, inks for inkjet printing and screen printing, conductive microstructures, materials for
forgeryproof marking, polymer composites, antimicrobial materials and/or active ingredient

20 formulations.

Fig. 1 shows a UV/Vis spectrum of a silver nanosol from Example 2. The absorbance is plotted as
the normalized absorbance E)/E,,,, against the wavelength A. A marked plasmon peak with Esg/E,,

= (.22 is discernible. A peak maximum occurs at 412 nm.
The present invention is illustrated further hereinafter by Examples 1 to 11,

25 For particle characterization, the particle size, the particle size distribution and the particie
morphology are characterized by means of transmission electron microscopy (TEM, Philips CM
20), dynamic light scattering (hydrodynamic particle size, Brookhaven BIC-90 Plus) and UV/Vis
spectroscopy (Hewlett Packard Diode Array Spectrophotometer 8452 A). In UV/Vis spectroscopy,
the result is shown as the normalized absorbance as a function of wavelength. The normalized

30  absorbance at wavelength A corresponds to Ey/Epax.



according to the invention for producing catal ysts, coating
materials, functional |ayers, transparent conductive |ayers,
nmetal | urgi c products, electronic products, electroceram cs, optical
material s, biolabels, inks for inkjet printing and screen printing,
conductive mcrostructures, materials f-df-forgetyproof marking,

pol ymer coqE05|tes antimcrobial materials and/or active ingredient
20f ormul at i g. 1 shows a UYUNis spectrum of a silver nanosol
from Exanpl e 2. The absorbance is plotted as the nornalized
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w th Esoo/ E. 0.22 i's dlscernlble A peak maxi mum occurs at 412 nm
The present nve ustrated further hereinafter
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Array Spect photoneter 8452 A). In, UYN s spectrosco e resul t |s

shown as t HeSRdr FEPHY oty 2hss Spaksmpas ipdtially Fbﬂi%qdl BriopR teeanﬁé%ﬂéﬁmlﬁ 259! of

normal i zed r3£bﬁilﬂﬁpNhﬁlaQ@ntﬁhou\é?\éﬁ‘rlrﬁé\QB@m%f%Hcfaﬁtsﬁ%}Q§1ettef?:d BXh&geneously into the
10 - Exanmple 1 Production o nuclei, in a batch process A g’

mi | 1inol ar &¥fieR fo0Hiop pves 2 dympion i [0 gt Eheeguiyafenty rptiqgl ttas'glmegso thessilyes it indhe
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assi stant c n&en%&atlon of 10 as reactant 2 were 5 nmade up. T

sol vent used? @WP%%ﬁﬁﬂ??éﬂmﬁﬁ?ﬁpmePEEHYed with MI1i-Qlus,
QPAKO2, M I Ilipore Corporation). The dispersing assistant used was PVP

K15 pol yvi rngsapipte | | done (Fl uke Chem e GibH). A gl ass beaker was
initially charged at roon1tenperature with 250 ml of reactant 1.

Wil e conti l?lé%fi%b Xftfn?]e 1t0 mgtarlrj ver %artlc?eé in a bacgfu\r{ég{cgss met er ed

honbgeneously 1'n eac i'on ol Gt ron of 10 s. The
equivalents ratio of the base to the S|Iver salt in the 10reactant
m xture is Thed§0 m) of theTAgOmaxasolrpeodness in Fxsmplst §i wereatinfized vebilo tdntinuotgly stiming

This af Eé;r U Sooth By @Ailes 2P Q%ﬂ%%l Rt A0 mbiBety 6 BBl (Y, Aol o
particles |69°(§ fq;&p@hn prdoeoeled. This afforded a sol which was stable in terms of collo:d chemistry
and comprised metallic silver nanoparticles. Subsequently, the particles were isolated by means of

centrifugation (60 min at 30 000 rpm, Avanti J 30i, Rotor JA 30.50, Beckman Coulter GmbH) and

redispersed in demineralized water by introducing ultrasound (Branson Digital Sonifier). An Ag

20 nanosol which was stable in terms of colloid chemistry and had a solids content of 0.92% by

weight and a pH of 7.4 was obtained.

The examination of the particle size by means of electron microscopy showed particles with a

diameter between 10 and 50 nm.

The examination of the particle size by means of dynamic light scattering showed crystalline Ag

25  particles with an effective hydrodynamic diameter of 46 nm.

The silver nanosol was examined by means of UV/Vis spectroscopy. The spectrum is shown in
Fig. 1. The examination showed a marked and relatively narrow plasmon peak with Ese/Er, = 0.22.

The peak maximum occurs at 412 nm,



The 500 ml of the Ag20 nanosol produced in Exanple 1 were adm xed
while continuously stirring 15 at roomtenperature with 25 m of a
2.33 nol ar aqueous fornal dehyde solution (70 gip, stored at 60C for
30 min and cooled. This afforded a sol which was stable in terns of
colloid chemistry and conprised netalli-dlsilver nanoparticles.
Subsequentlé, the particles were isolated by neans of centrifugation
(60 nm at pm Avanti J 30i, Rotor JA 30.50, Beckman Coul ter
GrbH) and redi spersed in demi neralized water by introducing
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occurs at 4dwe.nm Exanple 3 Production and reduction of Ag20 nucl ei
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wer e nmade up.. Tlpe clspg |§lg assi stant used was PVP K15

pol yvi nyl pyrrol i doté CFIuKa” Cheni e GrbH). The washing process of the
particles (by neans of centrifugation and redi spersion in

dem neral i z%@smndv,)analnmualg@m§xmlﬁah¢ﬂileer20h\1a@ wahedi teee onere. dincig nanosol

The silver sgl, whi ﬁﬁjll{quer EGP AR c‘?]gm@tﬂp%dv}@§ 2 Shigl Eﬂ Cﬁ%f 5“?% a e:ci%ne 'r-r?/s

UVNi s spectroscopy exam natl on 'showed a nar and
narrow pl astrhﬁwepeak with Esoo/ En, = 0.22. The peak naxi num occurs at
400 nm Subsequently, anal ogously to Exanple 2, the silver sol was

washed fi C@he@ﬁrﬁinaﬂ%ﬂ ofMthe DAROE Qe mhfg maae@a b%%QIs%f H)?laﬂlﬁzrlfﬁﬁt éazneﬁf?g JTe]

chem stry and a soli1ds content wei g bt al ned
15The exani W&t@eéwltbﬁn ffFFét"ﬁdWﬂfPéH"émmdzﬂ@e@Wftmln@ nanosol by neans of
dynam c |ight scattering showed particles with an effective

hydr odynam chediroived SfamatiotBshiid a marked and relatively narrow plasmon peak with Es/Ey, =

0.09. The peak maximum occurs again at 400 nm.

Example 4

20 Production and reduction of Ag,O nuclei to silver nanoparticles analogously to Examples 1 and 2

A 54 millimolar aqueous solution of silver nitrate (9.17 g/l of AgNO;) as reactant | and a
54 millimolar aqueous solution of NaOH (2.14 g/1) with a dispersing assistant concentration of
10g/l as reactant 2 were made up. The dispersing assistant used was PVP K90
polyvinylpyrrolidone (Fluka Chemie GmbH). Analogously to Examples 1 and 2, an Ag nanosol
25  which was stable in terms of colloid chemistry and had a solids content of 1.5% by weight was

abtained,

The examination of the particle size by means of dynamic light scattering showed particles with an

effective hydrodynamic diameter of 135 nm.

The silver nanosol was examined by means of UV/Vis spectroscopy. The examination showed a



The UVNi s exam nati on showed a marked and rel atively narrow pl asnon
peak with EsodEin = 0.09. The peak maxi mum occurs again at 400 nm
Exanpl e 4 20Production and reduction of Ag20 nuclei to silver
nanoparticl es anal ogously to Exanples 1 and 2 A 54 m | linolar aqgueous
solution of silver nitrate (9.17 g/l of-il\gNOB) as reactant 1 and a 54
m | linolar aqueous solution of NaOH (2.14 W) with a dispersing
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Cheni e GrbH). Anal ogously to Exanples 1 and 2, an Ag nanosol 25which
was stable jn ternms of colloid chemstry and had a solids content of
1. 5% by wei%?f-ﬂﬂ% obt ai ned. The exam nation of the particle size by
means of dynamic |ight scattering showed particles with an effective
hydr ody nam Prodlicéisneing redadtiod BEAglmnuclci tolsdlver namupkeiclednalogakiato Bxamples BandQw

pl asnmon peak with E500/E", 0.24. The peak maxi mum occurs at 422 nm
Exanpl e rqd and reducti | ei .t0,.5]| Vver
nanopar ] cl SO, B S Bt A8 GPERTof bl ffegpans 1 o »

aqueous sol iﬂtm:djmnodﬂr agueovsesolutioh mﬁNeOHQp 14 g/ﬂa)t widf a AigpiaB)g @sistei@aob@ntatidn of
and a 54 m eous

di sper si ng g)l SgSI r%gcta%g'ﬂ Were 9 e I'an do ij_af)rsm% fss(s%.ntl usew v)as Vﬁa%pure DS 100 éolld

i Stant concenttat 1on of as reactant
up. The di s(pemsishoAmegdstyant Exmmeptt am Bgylptwls@ Wiichl 88s statle dn (tdnmn»ései)md

Anal ogousl y .t o. ﬁxgl%agﬁsd&dgconﬁ% Eg@goﬁ % o g@@f&;tabl e in terns of

col I oi d chem st by wei ght was
obt ai ned. 10The exam nation of the particle size by neans of dynam c
li ght sé&&t t Ereiengnisstionetthppartidledizedywieeds ofidynemicdighti soatetivahhowsdrarticlss with an

di aneter of /R AMYyd INVaM S pation shovved a marked and
relatively enar}ow 6?@2%n lpeal% c%/%\n%t ElmErn = 0.67. The peak maxi num

occurs at 420 nm Exanple 6
The UV/Vis examination showed a marked and relatively narrow plasmon peak with Eso/Ep =

0.67. The peak maximum occurs at 420 nm,

Example 6

15 Production and reduction of Ag,O nuclei o silver nanoparticles analogously to Examples 1 and 2

A 54 millimolar aqueous solution of silver nitrate (9.17 g/l of AgNO;) as reactant | and a
54 millimolar aqueous solution of NaOH (2.14 g/I) with a dispersing assistant concentration of
10 g/ as reactant 2 were made up. The dispersing assistant used was Tamol NH 7519 (BASF AG).
Analogously to Example 1, an Ag nanosol which was stable in terms of colloid chemistry and had

20 asolids content of 1.2% by weight was obtained.

The examination of the particle size by means of dynamic light scattering showed particles with an

effective hydrodynamic diameter of 65 nm.

The UV/Vis examination showed a marked and relatively narrow plasmon peak with Es/E,, =

0.67. The peak maximum occurs at 420 nm.
25 Example 7
Production and reduction of Ag;O nuclei to silver nanoparticles analogously to Examples 1 and 2

A 54 millimolar aqueous solution of silver nitrate {9.17 g/l of AgNQ,) as reactant | and a

54 millimolar aqueous solution of NaOH (2.14 g/1) with a dispersing assistant concentration of



15Producti on and reduction of Ag20 nuclei to silver nanoparticles

anal ogously to Exanples 1 and 2 A 54 mllinolar aqueous sol ution of
silver nitrate (9.17 g/l of AgNO3) as reactant 1 and a 54 mllinol ar
aqueous solution of NaCH (2.14 W) with a di spersing assistant
concentration of 10 g/1 as reactant 2 wdBe nade up. The di spersing
assi stant used was Tanmol NH 7519 (BASF AG . Anal ogously to Exanple 1,
an Ag nanoslg/is cteastang 2t abiee made t wpr nBheofdisperbihgi dsigthmniussdr waa NtV il s
20a solids ' [ e ' '

tho parti ol S oarg B idot EHAZYlk Wb lERRab a6 brarbE (CHETLAT R R
particl es vitredweesn ef fecti ve hydrodynami ¢ di aneter of 65 nm The UWNi s
exam nation showed a marked and rel atively narrow plasnon peak with

E500/ En = Owife coxﬂﬁloﬁ’s%ahir{ﬁ%?ijm AU S0 Rhnofd WeRMdmbRd Etxr%m_?ltc%p&ature with
Production and reduction of Ag20 nuclel to silver nanoparticles

anal ogous| y2% B! Eeafs| adar pausess glygsrab golyton | (349 stozed a6 6UE Tt lmingRd efoled.

silver nitrafi€arfPdchandhd n@dbsoPIMNeR)wRStabBaf tM! ol cBR GemfryThd h4AD! Rids
aqueous sol ution of Na 2.14 W) with a dispersing assistant

concent r at i GAteRiof 0.7% Dy weBht. g/ | as reactant 2 were nade up. The
di spersing assistant used was PVP K15 pol yvi nyl pyrrol i done (Fl uka

Chem e GrbHjhe eAKEhDGR YiSthy pdrifI SR InRank of BREMOTIZR sbd#e)i® shi@ddarticles with an
pr oduced. ile coptjnuously stirring, 500 m of the Ag20 nanosol
were adni x e%ﬂvell‘iﬁ%?fiyt’@%é‘ﬁﬁ?tﬁrr‘gﬂ[“!’h 525 m of a5.43 nol ar
aqueous gl ycerol solution (500 W), stored at 60C for 30 mn and

cool ed. 10Thi Eheaflied maieo! aras Aghnitfdd AF GheaksofafV/MBSp&tradebgy. The £:@mMBtidf showed a

colloid chemstry and had.a_solid tent of. 0.7%Db i ght. The
exam nati on g Edtp%aém?)'b'?etalf 8ItléE§"?'lZ‘é= @#&E%ng '81“"8%3??1”5%#@ “scattering

showed particles with an effective hydrodynam c dianeter of 78 m. 10
The silver Ebanpted was exam ned by neans of UVN s spectroscopy. The
exam nation showed a marked plasnon peak with E509/E"', = 0.35. The

peak Maxi My BGEUES Rl pr i Wb RIH) Enflro P NUC! €l wer e pr oduced

continuously’In a mcroreactor. ed capillaries, i.e. first

del ay zone and second del ay zone, to the m xer and the third del aa/
The feed capillaries, i.e. first delay zone and second delay zone, to the mixer and the third delay

15  zone (downstream of the mixer) comprise capillary tubes with an internal diameter of 2.25 mm.
The first, second and third delay zones have a length of 30 ¢cm each. The mixer used was a
multilamellar mixer (comb mixer, Ehrfeld Mikrotechnik BTS GmbH). The temperatures of the
first, second and third delay zones and of the mixer were controlled by immersion into a water bath
at 10°C.

20 A 54 millimolar solution of silver nitrate (9.17 g/l of AgNO;) as reactant 1 and a 54 millimolar
solution of NaOH (2.14 g/} with a dispersing assistant concentration of 10 g/l as reactant 2 were
made up. The solvent used was demineralized water (prepared with Milli-Qplus, QPAK®2,
Millipore Corporation). The dispersing assistant used was PVP K135 polyvinylpyrrolidone (Fluka
Chemie GmbH).

25  High-pressure HPLC pumps with pressure sensors (Shimadzu LC-7 A) were used to pump both
reactants from reactant vessels at room temperature through the system at a constant flow rate of in
each case 3 ml/min. The pressure in the system was adjusted to 20 bar by regulation of the

pressure valve (R3A relief valve, Nupro Company).

This afforded a grey-black Ag,O nanosol which was stable in terms of colloid chemistry and had

30  no significant sedimentation.



15 zone (downstream of the m xer) conprise capillary tubes with an
internal dianeter of 2.25 mm The first, second and third delay zones
have a length of 30 cmeach. The m xer used was a nultilanellar m Xxer
(conb m xer, Ehrfeld M krotechnik BTS GrbH). The tenperatures of the
first, second and third del ay zones and18f the mxer were controll ed
by immersion into a water bath at 10C. 20A 54 mllinolar solution of
silver nitrExampled 17 W of AgNOB) as reactant 1 and a 54 millinolar
solution of NaOH (2.14 W) with a dispersing assistant concentration

of 10 g/ aRedubifloB AL, Chudle] FoniBEhehplé3: to BRI GvéLthopaREAs WAS
dem neral ized water (prepared with MI1i-Qplus, AKO2, M I I1ipore

SRR s TN e ) M e R A
W t h pressufeemsenseige (WHRISOwH 28 2233 nddr 206506s fEedldch e /1), stored at
e R PSSR b P L PS80 b Bt
in the syst esspigareddy heins df mlﬂys?ixzblam&ny Rbmgmyais hude 2600 vt & pdilESiﬁinGS‘c Co.)
valve (R3A reli uctlon

of Ag20 nucl@m BT Ao BB TREA st ar fable PAROBI LT ST dnd

cont i nuous| yadtsblids kétgent 2002 194 byoﬁe.ghhaad/ggaﬁhu&wsplbssmiaadqss&da W3 oEmapI e
8 were adm xed at roomtenperature with 50 mMl of a 2.33 nol ar aqueous
formal dehyde sol ution (70 en,. stored at 5 60C for. 30 mn a

Thi 5 af for dlts FeBbroRnTTChe SRR R aY b 1 €Ept Pl HaMopare] Br oA e e
was prepér ephriiyes hediysa didmetkiraf yeddws1d(nfel | uTrans Roth di al ysis tube 25.0
V, Carl Roth GrbH & Co.) agai nst dem neralized water. An Ag nanosol

whi ch was Stl%b }g/er n@ngsglrvro;r%te%mlﬁe%l l!yorlned Cé}e[%/@t’ r%ec?ro?cogf q‘%’xgefa ag%/ showed a

content of a CONGuCtT Vit

was obt ai neuarked plasmﬁmeeakmtl'rﬁna&i 00D The h@kpnaxlmumloecm at é0dnym.means of

el ectron m croscopy showed crystalline Ag 1Oparticles having a

di anet er of 0O nm The silver nanosol was exam ned by neans of
UVNi s spect%%hagﬁ'c‘%\iygl The exam nation showed a marked plasnon peak with
Esoo/E. = 0.05. The peak maxinmum occurs at 406 nm Exanple 10

Reduct i on oReduptiongfsly AL wicle} to mesellie biflver Bartidksrin gahetch prasessjim thy mvgenep of
process 15n tdimsey, esence of 15Fe(11) SO4

The 500 m] of the Ag;O nanosel produced in Example | were admixed while continuously stirring
with 50 ml of a 1.0 millimolar aqueous and oxygen-free solution of Fe(I1)SO, and then with 25 m|
of a 2.33 molar aqueous formaldehyde solution (70 g/l), stored at 60°C for 3¢ min and cooled. This
afforded a sol which was stable in terms of colloid chemistry and comprised metallic silver
20  nanoparticles. The washing process of the particles (by means of centrifugation and redispersion in
demineralized water) analogously to Example 2 was carried out three times. An Ag nanosol which

was stable in terms of colloid chemistry and had a pH of 7.7 was obtained.

The examination of the particle size by means of electron microscopy showed particles having a
diameter between 15 and 60 nm with a significantly reduced fines fraction compared to the sample

25  without Fe(I}SO, from Example 2.

The examination of the particle size by means of electron microscopy showed crystalline Ag

particles with an effective hydrodynamic diameter of 84 nm.

The sifver nanosol was examined by means of UV/Vis spectroscopy. The examination showed a

marked plasmon peak with Eseo/Er = 0.35. The peak maximum occurs at 414 nm.



The 500 ml of the Ag20 nanosol produced in Exanple | were adm xed
whil e continuously stirring with 50 M of a 1.0 mlI!l inolar aqueous
and oxygen-free solution of Fe(l.1)SO4 and then with 25 mM of a 2.33
nol ar aqueous formal dehyde solution (70 en, stored at 60C for 30 mn
and cooled. This afforded a sol which wd§-stable in terms of colloid
chem stry and coggrlsed metallic silver 20 nanoparticles. The
washi ng pr the particles (by nmeans of centrifugation and
redi spersion in dem neralized water) anal ogously to Exanple 2 was

carri ed outREdERE of hEBE,0 MidleAY nBRNRS Mer HARbFaRicTE $n assa@énlpaacés@ att 97HG¥ 30f
colloid chem stry and had a pH of 7.7 was obtai ned.
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signifi Can]'Edoya piedfig.edvith nes rﬁdﬁﬂ‘ﬁth(')lam&@dﬂmafnfe@utiﬁ@uérhl? ha gl veas 28imixtd atille
Fe(ll)S n t t
maans’ of > cl COVPBR T EVECAY Witbaed: aryeraurrs o 1 Eo o hos

effective hgde (fd'y.]@aﬂiih Qndjbcﬂymi Bitis Sifor@d asdl whieh ¥bs stabllexiarnging ot dolloid chemistry

Reduction of ,the A to nmetall silver nanoparticl
et on pr oo ot e meBilesTheruRaciitifls. e Bt ps B3R I e RS aimhos of
Exanple 1 V\enelf@dqmn&hédadmrhm mda:hinaumas kvytexstanmgomagy to@x&mﬁlH2®.fas Garred out
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aqueous 19 or steditdhyde solutlon (70 W), stored at 60C for 30 mm and
cooled. This afforded a sol which was stable in terns of colloid
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process of e par |cles uga on erS|o
i n deni ner amartzsédhmtg@ro)lambﬂgwslﬁyndlﬂmanpl e 2 was carried out
once. An Ag nanosol which was stable in ternms of colloid chemstry

and had a p’('ileQ;;amlf}an%n \A@ﬁe ?}Qﬁg\g kaqnea;r{? d%ﬂm Ir@{ éc%nﬂ stioled Bﬁ'ﬁaés%L\ﬁng

size by neans of electron m crosco d crystall Ag particles
having a d|ﬁh%%@webﬁ#%#éﬁmigm@ﬁaT@@4Wﬁ] The exanlnatlon of the
particle size by neans of dynamc |ight scattering showed particles

havi ng as e’f’lfe%ﬂ{'dr\hﬁnd%’[dﬁ:ﬁQ){mmd%yqﬁe%fﬂaéf@VNis s%é]ctl@ﬁbpyl&' he B@mHatidthowed a
nanosol was exam ned by of "UVNi s spectroscopy. The exam nation

showed a maPREY Pﬂﬂ%g?rﬁﬁ%k wéhﬁsoeﬁ:@ 710-£% JhEpgrke mpximpm oqdyes 340 axi num
occurs at 414 nm Exanple 12 Continuous production and reduction of
Ag20 nucl ei Edanpld 12ver nanoparticl es anal ogously to Exanple 1 and 2

Continuous production and reduction of AgO nuclei to silver nanoparticles analogously to

Example 1 and 2
20 Ag particles were produced continuously by the process shown schematically in Figure 2.

Figure 2 shows a schematic illustration of the apparatus for performing the continuous variant of

the process, without being limited thereto.

Reference numerals for Figure 2:

25 1. Delay zone
2. Delay zone
3. Mixer (silver oxide precipitation)

4. Delay zone



20Ag particles were produced continuously by the process shown
schematically in Figure 2. Figure 2 shows a schematic illustration of
the apparatus for perform ng the continuous variant of the process,

wi thout being limted thereto. Reference nunerals for Figure 2: 251.
‘Del ay zone 2. Delay zone 3. M xer (silvédf-oxide precipitation) 4.
Del ay zone - 16 - 5. Delay zone 6. M xer (reduction of silver oxide
to silver) 7. 5p4layo%one 8. Pressure valve 59. Exit capillary 10.

Pr oduct vesseléﬁhe feed capillaries, i.e. delay zones (1) and (2), to
the mxer (3) SdABeT(FraustioRal Wapiordatisten i e, del ay zones (4) and (5),
to the m xer q% t he delay zone (7), consist of capillary tubes

havi ng an i nt &r5¥ 20 di aneter of 2.25 mm Delay zones (1), (2), (4)
and (5) each @ r?mﬁ Lanﬁl1 of 30 cm The mixer used both in the
precipitation and 1he reduction stage was a nultilanellar mxer (conb

m xer, rfel hni k BTS GrbH). The tenperatures of the del ay
zones (E? 2, gfﬂé%éﬁﬁﬁg) and of the mxers (3) and (6) were

control | ed by mEssiva.ocf (3) and (6) into a water bath at 10C.

The feed capillaries, i.e. delay zones (1) and (2), to the mixer (3) and the feed capillaries, i.e. delay
zones (4) and (5), to the mixer (6), the delay zone (7), consist of capillary tubes having an internal
10 diameter of 2.25 mm. Delay zones (1), (2), (4) and (5) each have a length of 30 cm. The mixer
used both in the precipitation and the reduction stage was a multilamellar mixer (comb mixer,
Ehrfeld Mikrotechnik BTS GmbH). The temperatures of the delay zones (1, 2, 4, 5 and 7) and of

the mixers (3) and (6) were controlled by immersion of (3) and (6) into a water bath at 10°C,

A 54 millimolar solution of silver nitrate (9.17 g/l of AgNOs) as reactant 1 and a 54 millimolar

15 solution of NaOH (2.14 g/l) with a dispersing assistant concentration of 10 g/l as reactant 2 were
made up. Reactant 3 consisted of a 1350 millimolar sclution of formaldehyde (40.5 g/1). The
solvent used was demineralized water (prepared with Milli-Qplus, QPAK®2, Millipore
Corporation). The dispersing assistant used was PVP K15 polyvinylpyrrolidone (Fluka Chemie
GmbH).

20 High-pressure HPLC pumps with pressure sensors (Shimadzu LC-7 A) were used to pump both
reactants from reactant vessels at room temperature through the system with a constant flow rate of
in each case 3 ml/min. The pressure in the system was adjusted to 20 bar by regulating the pressure

valve (R3A relief valve, Nupro Company).

This afforded a brown Ag nanosol which was stable in terms of colloid chemistry and had no

25  significant sedimentation.



A 54 mllinolar solution of silver nitrate (9.17 g/ | of AgNCB) as
reactant 1 and-a 54 nillimolar 15 solldtion of NaOH (2.14 with a
di spersing assistant concentration of 10 W as reactant 2 were nade

up. Reactant 3 consisted of a 1350 m I linolar solution of
formal ddiiyge (40.5 W). The sol vent used was dem neralized water
(prepared with MI1li-Qlus, QPAK 02, MIIlipore Corporation). The

di sper di ng &Fseestiarnirodisiag meted pétile KilShavolzymeatal ppryicle obntelo n&> ( gl domprising
Chem e GrbH), %é) I—@gh-pressure HPLC punps with pressure sensors

( Shi madzu L&ef Rfowere used to punp both reactants fromreactant
vessel s at roomtenperature through the systemw th a constant flow
rate of in epch cageudisiy kadting a Tietal palesduios with 4 sodtioy soreaming dydroxide ions
adjusted to 20 b%lrarti)lcrorl%gctg‘lrati ng the pressure valve (R3A relief

val ve, Nupro Conpany). This afforded a brown Ag nanosol which
was stable in terns of colloid chem stry and had no 25si gnifi cant

sedi nentati dh.  tint@haislysredctipg dwemsitibo obpined! fromngepnsteith pasdiciog egeadinsa
having a netal particle.content of 1 g/I, conprising the steps of a)
continuously reacting a netal salt solution with a solution

contai ning hydroxide ions in a mcro reactor b) continuously reacting
t he sol ut i oshasiricizedid thiat efrteast @yg ofthewplutiona it sepued corgprasgemdispiersing andigant
reactor, characterized in that at |east one of the solutions in step
a) conprise i Sb Y AssiS : : 4 > i i

wher eimr%' t heqjél(iﬁ:gééear%g(lﬁlfjlfﬁb ggsi st alﬁ;\ﬁllgltsemséfz @:@gﬁﬁg ragsﬁﬁqﬁgg 8% c?he% 30 élmup
conpri si ng &PREraMzat akoxykatdscy hlisylglamiflss,  astorser emingni grédesx | dledpolyglucosides,
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omepol yirer SOPRORE: EUNEYDRAPRC\Aer IS HLRIRRG, Crondlfh SRS Flock
pol yet hyl enéorskiresss grafigiolpersy poly¢thydenslosidess pplavipyiatoohal$, cppnlymerngf polyvinyl
al cohol s an | Ml i , I Se .
Starch, gel A n S EPLRRGEAGE, DOHHISAMEAD, LIRES, ofeh! LIRRS plati
pol yl ysi ne, dpavajisespaeming aedidl, ppomyeicr pplalysige, polyaspartic acid, polyacrylates,
pol yet hyl en I n -
condensatio %ﬁfg&%@%@ﬁgnatgf oﬁ‘r%{s?%e%gﬁﬁmh%%c ﬁ%@?gg&\% liytﬁF IECQI?%%%%@L gﬁ’g‘,m
napht hal ene$filapmsHaseghoniq agidis with Herrmatdekyde c ipbibgleegsslpbdnatgs rljgnpgilphonates,
nononers, p O%Il;gf : - -
pol y( 2- vi ny?%ﬁ/ rl di %g’g)e‘{ C?},‘gf%?m’%%@é{"ﬁé@ e IISIQJ ém%?négc%ﬁ%?%f‘é‘?ms’
3. Process a@@éﬁ%?lmdpﬁ@lr@ﬁ)zﬂnﬁﬁollp%}’ iglyldghethdammeniem ghlepds: si ng assi st ant
is present in at |east one reactant solution in a concentration of
0.1 9/3 10 ProcdQAcMhdinPILERIARP Y 2 2whekeifthk dierind Assdnt ;s ELnt in at least one
preferably 5 g/1 to 5 40 g/l. 4.Process according to Clains 1 to 3,
wher ei n t he repgtapf| sobipn insd Fencemratien b i0de! fooh 00k, aieferaldy > 1 g/l to < 60 g/l

more preferably = 5 g/l to < 40 g/l.

4, Process according to Claims 1 to 3, wherein the metal salt solution comprises ions which are
selected from the group comprising iron, ruthenium, osmium, cobalt, thodium, iridium, nickel,

palladium, platinum, copper, silver, gold, zinc and/or cadmium.

5. Process according to Claims 1 to 4, wherein the metal ions are present in the metal salt
solution in a concentration of > 0.001 mol/l to < 2 mol/], preferably > 0.01 mol/l to < 1 mol/l,

more preferably = 0.1 mol/I to £ 0.5 mol/1.

6. Process according to Claims 1 to 5, wherein the solution comprising hydroxide ions is

obtainable from the reaction of bases selected from the group comprising LiOH, NaOH,



sel ected fromthe group conprising iron, ruthenium osni um cobalt,
rhodi um iridium -nickel, palladium pPatinum copper, silver, gol d
zinc and/or cadmum 5. Process accor di ng to Clains 1 to 4, V\/nerei n

t he met al I QA5 @ es sol ution a .
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1 nol/1, noratopidef.erably 0.1 rml/l to 5. 0. 5 nol/ 1. 6. Process
according to Clains 1 to 5 wherein the solution corrpri si ng hydroxi de
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aci d, sul phiuydasylamine sulphate sod1um borohydride, formaldehyde, alcohols, ethanol, n-propanol,
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e, Chyir oy 2R G T HAR e BRI BE PhATIY FtSt SRRl Mg eh e dadie
al cohol s, etzhaerol andtmrpn@ﬂartmimoeﬂmmelpropanol n- but anol , i so-butanol,
sec- but anol et hyl ene gl ycol, ethylene gl ycoI di acetate, glycerol

and/ or cdi me t LChes, o uci bl e by a
process’ acctgjri%h%n?t ?;%ﬂoﬁ%?olell}g%%m Sggcglﬁb e%lél?stl cﬁes according to

Cl aim8, characterl zed in that the netal particles have a particle

si ze d%0 vaMrtalghrtiglep dcchgimet to ail dreharddierizedsim thét thremethl peticlds dlvesa particle
according t ¢ atal ysts, coating materials,

functi onal I%]azigg %r an(gog %J b%ﬂﬁ“ﬁctl ve layers, metallurgic
products, el ect ron| C product s, electroceramcs, optical materials,

bi ol abdls, Uskoffroetali prakjitéts prcomingnty Eladn §cfoeemoqncingtdata@stscomﬂiugtﬂlat@ials
m crostruct 'ﬂqn% Ona%g i a%l%ﬁ%?erqogﬁ&ﬁ(lé/ P}/Qrgf k' ngprocRm s, elecf'tromc products,

COITpOSI tes, S andaror ac
formul ati ongl_ectroceramlcs optical materials, biolabels, inks for 1nk]et prmtmg and screen printing,

conductive microstructures, materials for forgeryproof marking, polymer composites,

antimicrobial materials and/or active ingredient formulations.



