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ABSTRACT

Different technological applications used metaldexnanoparticles as main components like
sensors, varistors, pigments, fillers, electrogyaguid medical materials. Among all synthesis
techniques, Supercritical Water (SCW) synthesanigco-friendly process for the production
of valuable metal oxide nanoparticles. A continudwyslrothermal production process of
nano-oxides in sub- and supercritical conditiors been developed by our team since 2001.
The purpose of this study is to investigate theafbf SCW processing conditions on the
synthesis of zinc oxide nanopatrticles, such astimatemperature, pressure, flow rates and
inlet concentrations.

To a better understanding of chemical mechanismalu@ling nucleation and growth of
particles) and physical phenomena, three-dimenkreaative multiphasic flow simulation as
well as heat transfers has been achieved usingl6e3 software.

First simulation results give interesting infornagtiregarding temperature profiles inside the
reactor as well as chemical reaction location. @ated temperatures are in good agreement
with experimental ones. Consequently, such a simoalavill allow to establish a correlation
between a particle nanostructure and mixing proaeasmolecular scale.

Keywords: ZnO, continuous hydrothermal synthesis, supercritical water, nano-particles, CFD
simulation.

INTRODUCTION

Zinc oxide nanopatrticles are used in a wide vargdtproducts like cosmetics, textiles, skin
lotions [1] or ceramics. In the case of cosmet&i®) is more interesting than, for example,
titanium dioxide TiQ thanks to its properties of UV absorbance [2]. &xer, ZnO is a n-
type semiconductor and can be used as varistgrshi@mical sensors [4], photovoltaic solar
cells [5], catalysts [6], piezoelectric and lumioest devices [7], pigments [8] and
transducers [9]. In the last years, some studigarding the phytotoxicity of nanoparticles
and their DNA damaging potential in human cellséhalso been carried out [10, 11].
Various methods have been used to synthesize ZmOstractures of controlled size and
shape, including precipitation, spray pyrolysiserthal decomposition and hydrothermal
synthesis [12, 13]. Among these techniques, supieetrhydrothermal synthesis (T > 374 K
and P < 22.1 MPa) seems to be the most attractiweto its perfect control of morphology,
purity, cristallinity, composition and low cost ftarge scale production [14].

In this context, a continuous hydrothermal prodarctprocess of oxides nanoparticles has
been developed in our team since 2001 [15-18]. aAdated model of the patented



reactor [16]using CFD has beedeveloped to help the understandofgthe nucleation and
thegrowth mechanisms of metal oxs in supercritical wateZnO material will be chosen
model sample for a fundamental stt Moreover, thermodynamidata are lacking in suc
medium even if some studies have been carriedegatrding the determination of solubil
of zinc oxide [19] mechanisms and kinetics of reaction of zinc akashaunder supercritic
conditions [20].

The aim of this study is to understand the effedtdifferent processing parameters anc
identify their influence on nanopatrticle size andrphology

In this paper, we report the direct synthesis ot z0xide nanoparticles by precipitation
supercritical water with a continuous appar. First of all, major operating paramet:
effects such as reaction temperature -673K), pressure (15850 bar), flow rates (i-
90 mL.min%) and inlet concentrations (outlet acidic/basic pi8 investigate. Then, a three-
dimension reactive multiphasflow Computational Fluid Dynamics (CFD) simulat has
been achieved using Flu&n6.3 software. The developed modglows us to understand
chemical mechanismand hydrodynamics phenom[18, 21]. Using this model, operatir
parameters effects on particle size distribution discusse. Sierra Pallares al. [22] have
proposed a mathematical model for the estimatio average diameter attained
nanoparticles, using population balance model axidhmown the dependence of mi; on
particle size distribution.

MATERIAL & METHODS

The inlet solutions ar@repared by dissolution of zinc nitrate Zn(s). (98% pure, from
Sigma Aldrich Company) and potassium hydroxide K(®8% pure, from Sigma Aldric
Company) crystals in denised wate

A schematiof theexperimental flow apparatus is showrFigure 1. Wate, zinc nitrate and
potassium hydroxidsolutions re fed with high pressure membramemps at differel flow
rates. Waters preheated at the desired temperature L the mixing point. Thi temperature
into the reactors insured by the mean of ceranfurnaces andsi determined witltype K
thermocouples. Operatimpgessurds maintained by a bagbkressure regulator placed after

cooler.
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Figure 1 : Schematic of the continuous hydrothermal production process available in the University of Burgundy
(Dijon, France) [18]



After reactor outletthe mixture s quenched thanks to a water cooling bAgglomerated
particles are removed by Ime filters used to minimize plugginmside the bac-pressure
regulator.

The reactor is a pipe in pipe concentric arrangéremwhich the internal pipe hean open
endel nozzle with an attached cc [16]. A description of the reactor is givenFigure 2. The
reactor is divided in two different areas: the “mixzone” (where inlet fluids are ned and
where reaction takeglace) and the “flowing zone” (zone wh the ZnO suspension flov
along the externapipe through the react. The preheated water is brought through

internal pipe and out the end of the nozzle. Redcsalutions are introduced cour-

currently with the preheated water in the mixingqhe@ The resulted solution is evacue

between the externgdipe and thelnconel block.The detailed design of the reactor
presented elsewhere [18].

In the following section, the temperature which will be referredigothe mixing zon
temperatureThermocouple is seated near the reaction zoneh(asesl in Figure 1) in orde
to get a representative temperature of reactioniumgdcdled mixing temperature mix.

Indeed, thanks to the preheated water flow, thep&zature in the mixing zone could rapit
set to the expected temperature, depending on uhg flows Operating conditior are
summarized in Table. 1
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Figure 2 : a) Description of the reactor used for Continuous Hydrothermal Synthesis in sub- and supercritical water,
b) Meshing of the reactor around the mixing zone

run P Tmeasured Qprep 4 Qscvy 4 Qbas.e_1 E\EEIE ] pH
(MPa) (K) (mL.min™) (mL.min™) (ML.min™) [ ]
1 15 613.5
5 30 546.0 20 20 20 4 >12
3 550.0 0 ~1
4 561.6 20 20 20 1 ~7
5 537.0 4 >12
6 465.6
7 564 20 20 20
8 30 54:.8 1C 10 10
9 539.4 20 20 20
10 512.6 30 30 30 4 >12
11 593.6 15 30 15
12 426.8 30 10 30
13 557.3 10 30 30
14 564.5 30 30 10

Table 1 : Operating conditions (pressure, mean mixing temperature, flow rates, over-stoichiometry and pH measured in
the receiver)



The powders are analysed b-Ray Diffraction (XRD) to determine the crystalld phase.
The size and shape of synthesized nanopes is investigated byrransmission Electro

Microscopy (TEM).The crystal tructures of the end-productseaanalyzed by powder-ray

Diffraction (XRD) (D8Vante¢, Bruker) using CuK radiation.

Transmission electron microscopy (TEM) racterizations of the powderre carried out on
Jeol JEM-2100 LaBTEM operating ¢ 200 kV. The TEM observationsre performed in
bright field mode and the micrographre acquired and processed thanks to a CUS1000
CCD camera and Digital Micrograph software (Gatan).

RESULTSAND DISCUSSION

1. Experimental results

Using supercritical water hydrothermal synthesSCWHS)process, ZnO nanopowders h
been synthesized with varying operating parame@@ranges in morphology aiparticle size
distribution (PSD) are obtained depending on those parameters. EffeCtpressure
(sectionl.1), amount of hydroxide ions over Zi) ions ectiorl.2), temperature
(section 1.3) and flow ratesdctior 1.4) are discussed in the following paragra

All experiments mentioned iTable 1 have been alyzed by XRD measurements and ext
the same patterpresented irFigure 3 meaning a pure ZnO hexagonal wurtzite cry
structure [23, 24] A change in 100/002 peaks ensities ratio may be observed, anc
assumed to be induced by shear stresses occurheg wowders are compacted into
XRD holder, in the case of whisk-like particles [25].
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Figure 3 : XRD patterns of ZnO particles prepared by Continuous Hydrothermal Syntheses in sub- (P=15 MPa, run 1)
and supercritical water (P=30 MPa, run 2)
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1.1 Pressure effect

Experiments have been perforr for different values of pressure between 15 andVB&
(runs 1 and 2)Transmission electrc micrographs show aignificant change othe PSD
when the pressure increasdsdeed, Figure 4b showa narrower distribution of sme
particles not exceeding 200 nm when the presswreeases. This result highlighthat
pressures a key operating parameter showing the interéstupercriical water synthese
over suberitical water synthes. Syntheses performed H5 MPa present a mix of micro a
nanopartles with different shap, whereas at 30 MPmicrographs exhibit nanoparticl
with identical whiskerdike shape and with a mean sizetween 100 ar 200 nm,
exclusively.



Transmission electron micrographs show a tighterofigthe PSDwith an increase c
operating pressure from 15 to 30 MPa. This illussaone of the benefits of supercriti
water synthesis since the use of organic precipgaagents is no longer necessary for
production of particles with a uniform morpholo

1.2 Inlet concentrations and pH effects

A preliminary study has been carried out in ordedétermine the influence of the potassi
hydroxide presence in the reactive medium on tine bxide crystal growth. In this air
several experiments (rurds 4 and 5) have been performed (Table AQr technicalaspects,
the pH cannot be measured inside the reactorpst @robe is place after the bac-pressure
regulator (Figure 1)Hence, the need of an alkali medium to synthesa®powders unde
supercritical water conditions is discus:

Transmission electron micrographs reveal tl high excess of HQOons in solution enhans
the production of smaller sph-like particles (Figure 5c, run 5The synthesis of zinc oxic
without hydroxide ionpresence is possible in supercritical water coowgi but is no
appropriate for the production of nanoparti (run 3) Indeed, whiskers with larcPSD of
around several micrometers are obtained in sucklitons andwith a low reaction yiel
(Figure 5a). Figure 5borresponds ' the powder for which the synthesis has been caoug
with as much #droxide ions s zinc ions (run 4)This micrograph reveals that a mix
morphologies is obtained, a large quantity of lss 100 nm whiskers and some sp-like
nanoparticles. Theptimizedamount of hydroxic ions for the preparation sphere-like zinc
oxide nanoparticlewith a narrow PS has been determined to bggin,,y = 4, in the case

of our patterned reactor.

b) run 4 with [HO)/[Zn(l1)]=1 and c) run 5 with [HO]/[Zn(l1)]=4

The need of an alkali medium for the supercritiegter synthesis of 20 nm controll
spherelike particles has been observed. This can be mqulady the presence of specific ic
in alkali medium. Indeed, the establishment of @dpminance diagram 1 zinc species in



solution would illustrate particle morpholy dependency with the pH. Zhan¢ al. [26, 27]
have #&eady established that, eatmospheric pressure, Zn(QHjpnd Zn(OH.* are
responsible for the formation of whisk and statike particles, respectively. The same sti
has to be carried out in supercritical water coods in order to get a ber understanding of
ZnO particle morphologgependenc

1.3 The mixing temper atur e effect

In this section, the mixing temperatieffect on nanoparticle morphology is investigated
this purpose, experiments wh the mixing temperature is close to 4687, 533 and 563K
have been carried ouyflowing zone temperature reming around 673K but only the
extreme condions will be expressed here («K and 563K, run6 and " respectively). The
conditions are summarized Table 1 but it can be noticed tHadw rates are held const:
and,only the furnace temperati are tuned to reach the desired conditions

TEM micrographscorresponding taquns 6 and 7 are presented in #g6. Each sample
exhibits particles withrelatively narronPSD around 30 nm and sphéikee shape It appears
that an increase of the mixing temperalinfluences either the particle morpholocnor the

PSD.
a) * b) m
50 nm ; 50 nm

Figure 6 : Evolution of ZnO particles morphology with the mixing temperature a) run 6 Tmix=465K
and b) run 7 Tmix=563K

1.4 Flow rates effects
Two sets of experiments were carried oustudy the flow rates effectin the first case, a
three flow rates areidentica, runs conditionswill be referred as “symmetrice
(sectionl.4.1) The other case males with experiments wherat least one flow ratis
different from the others.ugh conditions willbe referred as “asymmetri” (section 1.4.2).
In both cases, the mixing temperature has beeffutigrebservein order to compare ose
results with CFD resultséctior 2.3) and hence determine whether the model is validate
not. The symmetrical flow rates sty will allow to understand the effect residence time
inside the reactor omarticle morphology. The significance of each flow rate will |
investigated in the asymmetrical flow rates studg #he flow rates effects cthe mixing
temperature will be showed.

1.4.1 Symmetrical flow rates
Micrographs in Figure 8how n« modification of the morphologwhen the residence tin
estimated thanks to CFD siration (sectior2.3) is below 11 secondsufs 9 and 10, Figure
7b and c). Spherike particles of about 20 nm with a narrow PSD énéeen synthesized
such conditions. For greatresidence tin (run 8, Figure 7a)a modificationof particle size
and morphology is observeldere 100 to 200 nm whiskellgke particles have been produr
with a slight amountfoi30 nm sphetr-like particles.



These results are consistemicg the particle size increases with the residéinoe inside the
reactoras shown by TEM micrograp. So, residence time seemshe the factor which
impacts the particles size.

F
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&

Figure 7 : Evolution of ZnO particles morphology with symmetrical flow rates a) run 8 (10/10/10), b) run 9 (20/20/20)
and c) run 10 (30/30/30 mL.min™)

a) 0.2 um 100 nm b)

1.4.2 Asymmetrical flow rates
Note that, allcomparisons between runsncern only a modification of precurswwater or
baseflow rate with the conservation of potassium hyddexove-stoichiometry Figure 8
presents the micrographs for runs which allow tewcheine each flowate effect

160 nm a) | |5
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e
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c) d)
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Figure 8 : Evolution of ZnO particles morphology with asymmetrical flow rates a) run 10 30/30/30, b) run 13 10/30/30,
¢) run 12 30/10/30 and d) run 14 30/30/10 mL.min"* (metallic salt/SCW/base)

By comparing micrographs of powders obtainedrun 10 andfor runs12, 13 or 14, it is
possible to determine trsipercritical watermetallic salt and badéow rates effects. But not
only these last effectsccur. Indeed, there is a a change in the residence time. Howe

the residence time has previously been considerdzhiean effect on particle size (secti

1.4.1). Thus, it is possible to assig each effect an influence on partia@rpholog.

It appears that the conditio$ the run 10 (Figure §aallow to produce 20 nm sph-like

particles with narrow PSD. un 13 (Figure 8b) shows the fornwati of less than 200 n

whiskers-like particlesHence, the metallic salt flow rate seemsbe a factor which
influences particle shape.



A great metallic flow rate enhances the formatibrsghere-like particles whereas whiskers
are produced for a lower flow rate. As for the i) run 14 (Figure 8d) presents less than
200 nm whiskers-like particles. So, the base flat malso appears to have the same effect on
particle shape. On the other hand, particles wiliza greater than 100 nm and with different
morphologies are produced in the conditions of x@n(Figure 8c). Actually, for this case,
another factor has to be taken into account, thpéeature effect. A water flow rate change
not only modifies the residence time but also tlivang temperature (Table 1) since the water
is preheated before the mixing point. Here, thigsors are linked: the residence time, the
water flow rate and the mixing temperature. For nihwe decomposition of these three factors
IS not quite understood. But it seems that greatger flow rate enhance the particle size and
shape control.

2. Simulation results

2.1 Meshing
In order to get information by CFD simulations, {heliminary step is to represent the 3D
geometry of the reactor and to divide it in severdls in which all fluid mechanics equations
will be solved. This step is carried out thankSAMBIT® software. The geometry of the
tubular reactor is reported in Demoisson et al].[T8e built mesh contains about 820,000
cells. Their distribution is refined in the zone tbk internal tube to obtain more accurate
results (Figure 2b).

2.2 Boundary conditions
Fluid properties at 30 MPa are specified in Flflesdftware. This software solves classical
mass, momentum and energy conservation equationdesaribe fluid behaviour and
properties. An ideal mixing is assumed. Density #r&tmal conductivity are calculated by
weighted means. The prepared solutions are suppimsdse diluted solutions and then,
viscosity and specific heat of water are considekste, the turbulence is taken into account
with the k-& model [28]. Chemical reactions have been simulatsidg Eddy Dissipation
model [29] by supposing in a first step a monophélsw. In this model, reaction rates are
controlled by the mixing of reactants at a molecskzle. Demoisson and al. [17] proposed a
two-step mechanism for the formation of zinc oxidg. 1-2).

Zn(NO3), + 2 H,0 —» Zn(0OH), + 2 HNO, Eq. (1)
Zn(0H), - Zn0 + H,0 Eq. (2)
2.3 Resaults

CFD simulations have been carried out for everysummarized in Table 1. The observation
of temperature, velocity fields, concentrations dantcbulent reaction rate profiles in the
reactor will give new information as reaction laoatand formed oxide particle trajectories in
mixing and flowing zones. The turbulent reactiote reorresponds to a formation reaction rate
based on micromixing and turbulence phenomenaarthe expressed for Eq. (1-2) but the
Zn(OH), formation of EqQ. (1) is assumed to be the limitregction for this mechanism. Note
that, the turbulent reaction rate is different frootleation and growth kinetics.

Moreover, this model has been previously validateding mixing temperature
measurements [18]. First, temperature, concentraitia velocity profiles are presented in the
case of the run 5. Then, only the turbulent reactate results will be revealed (run 5) to



illustrate morphology changes according to expemtaleconditions variations. Afterwarc
the evolution of the pH and the metallic salt floate are invesgated in the following
section2.3.2. Links between calculated turbulent reactiate and parties morphology
observed by TEM are discuss CFD simulation allows to determine the residenogetin
mixing and flowing zones inside the reactor. Restgetime is evaluated to be in the rang
11 seconds consideringrr 5, 6 seconds (run 10) and 22onds (run 8).

2.3.1 Simulated profiles
Figure 9which presents the tempture profilesin the reactor of the run reveals an
inhomogeneous temperatutestribution (upper right corner of Figure ®hat is likely due tc
turbulence and micromixinghenomen which occur in this zondndeed, he velocity fields
profile in the mixing zoneKigure10) is in agreement witthis assumptioisince a change of
the direction of the velocity fields can noticed.

T z=32.5cm

+ z=26.5cm

Temperature (K)

Figure 9 : Axial and transversal temperature profiles in the reactor for the run 5

Velocity (m.s'l)
Figure 10 : Velocity fields profile in the mixing zone of the reactor and visualization of the fluids mixing for the run 5

The concentrations of Zn(NJ3, KOH, Zn(OH) and ZnO specieand turbulent reaction ra
profiles presented in Figurgél and Figure 12, respectivelyloal to point wt the ZnO
formation reaction locationChe reaction is locateat the outlet of the metallic sédnjection
pipe for the run 5. The nestep of the study would be to correlate the tuntuteaction rat:
value with the particle morphology. Thus, the siati@in would be a predictive tool f
synthesizegbarticle morpholog determination fronoperating parametevariations.



2.3.2 Calculated turbulent rate profiles and correlation with observed particle
morphologies
As said earlierthe turbulent reaction rate profi are investigatedonsidering pH evolutio
(runs 4 and 5) and precursor flow rate variatiamgrl3 and 1. Both parameters have be
experimentallydetermined to have an effect on morphology §ee Figures, 7 and 8). For
each parameter, two particles sts can be observedepending on operating conditic
spherelike particles and whiskers. An evaluin of the turbulent reaction rate vallwould
allow to predict thesenorphologies. Indeed, a modification of the turlbtileeaction rat:
profile is observed when thamutlet pH varies from neutral (pk 7, run ¢) to strongly alkali
(pH > 12, run 5. There is a significant change in the reactide xalue, by a factcof 2 in
neutral mediumThis different reaction rate value can explainftirenation of larger particle
in neutral medium. Achange in the reaction location calsobe noticed andorrelated with
the lack of hydroxide ions. On the other hasimulation reveals that for the run the
reaction occurs at the outlet of the midc salt flow rate which igonsistent with an excess
hydroxide ions.
For a metallic salt flow ratenodificatior, a decrease by a factor 2 of the turbulent rea
rate value is observed. There is no noticeablé shithe reaction location inside the mixi
zone. As for the previous case, experiments wheeevalue is the lowest correspond
whiskers whereas sphelike particles are observed for a greater turbuleattion rate

OO0+

Molar fraction

Figure 11 : Concentration profiles of different species a) Zn(NO;),, b) KOH, c) Zn(OH), and d) ZnO around the mixing zone
during the reaction for run 5

Micrographs and CFD simulations show that the rietallt flow rate is an importal
operating pameter which rules partic morphology by modifying the turbulent reaction r
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Figure 12 : Turbulent Reaction rate profile calculated for the Eq. (1) and for run 5

Concerning the turbulent reaction 1, a pattern has been identified for ‘evolution of this
value withparticle morphologies. Indeed, spf-like particles are observed whele reaction
rate is close to 1 whereas a value of approximdielymatches with whiskers. So, runn
simulations and identifying the corresponding tlebt reaction rate are the first step of
morphologyprediction for the synthesis of zinc oxide nparticles in supercritical wate

CONCLUSION

The possibility to sgthesize zinc oxide wi our continuoussupercritical wate process has
been established. Then, tharticlessynthesiswith different morphologies has been obser
and the effects of SCWrocessincparameters on those morphologiewve been discussed.
For that, CFD simulations have been run and cdeélavith morphologies observed
transmission electron microscoy

The pressure, the pH and the metallic salt flove have been identified to have ma
impacts on particle morpholo unlike the temperaturdndeed, by tuning these operati
parameters, sphetike particles or whiskers have been produ The effect o precursors
chemistry on particle morphology currently studiedThe replacement of zinc nitrate w
zinc acetate or sulphate and potassium hydroxidé wodium or lithium hydroxide |
considered. The first results tend to show a hmissivity of particli morphology with the
precursor chemistry.

The first aspect of the morphology prediction hagrb expressed by the determinatior
turbulent reaction rate value. An optimization bé tprediction can be considered with
integration in the simulation of a balance popolatmodelfor the deternnation of particle
size.
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