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Abstract

A copper hydroxynitrate of stoichiometry Cu,(OH);NOs3, analogous to the layered double hydroxide family, was
synthesized by the so-called controlled double jet precipitation technique, and by hydrolysis of urea in the presence of
copper nitrate. Special attention has been focused on the size, morphology and agglomeration tendency of the particles.
The aim of this work is to define the optimum precipitation conditions in terms of quality and dispersability of the
recovered product. Such platelet-like particles can be used as anisotropic fillers in nanocomposite materials. Several
reaction parameters such as flow and concentration of the reactant solutions, design of the reactor and addition of a

growth modifier were studied.
© 2003 Published by Elsevier Science B.V.

Keywords: Al. Characterization; Al. Crystal morphology; Al. X-ray diffraction; A2. Growth from solutions; Bl. Copper

hydroxynitrate.

1. Introduction

Nanocomposite materials cover a very large
variety of organic-inorganic hybrids. A nanocom-
posite is characterized by a high degree of
dispersion of inorganic filler, to a nanoscopic
level, in a polymer matrix. This can be done either
by mixing them together at a temperature above
the melting of the polymer, or by using an aqueous
suspension of the inorganic filler in the case of

*Corresponding author. Tel.: +32-4-366-3438; fax: +32-4-
366-3413.
E-mail address: catherine.henrist@ulg.ac.be (C. Henrist).

emulsion polymerization. Besides, many studies
have been recently devoted to the development
and characterization of new nanocomposites ex-
hibiting anisotropic morphologies [1-7]. Specific
mechanical and physical properties are expected
when the filler particles are not spherical but
elongated in one dimension (fibers) or two dimen-
sions (platelets) [8.9]. The interest of composites
containing nanoplatelets is mainly due to the
improvement of their mechanical reinforcement
properties as well as “‘barrier properties” that are
supposed to play a significant role in fire resistance
of such composites [10]. In this regard, efforts to
control the morphology and agglomeration beha-

0022-0248/03/$ - see front matter © 2003 Published by Elsevier Science B.V.
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vior of inorganic copper hydroxynitrate nanoplat-
lets are of interest.

Moreover, while inorganic cation exchangers,
including layered silicates or transition metal
oxysalts, are well represented in the literature,
their anion exchangers counterparts have received
fewer attention [11]. As an example, copper (1)
phenylphosphonate can be successfully obtained
by intercalation of the phosphonate ion, using the
layered copper hydroxynitrate as the host material
[12]. The main current application of copper
hydroxynitrate deals with its use as an oxidizer
in non-toxic, low-ash solid propellant and ignition
compositions, especially for inflation of vehicle
airbags [13] that gave rise to several patents. On a
morphology control point of view, the study of
inorganic chemistry of aqueous copper basic salts
is of paramount importance in the scope of
coprecipitation methods for synthesizing precur-
sors of copper-containing mixed oxide ceramics, in
particular, the superconducting phases [14,15].

We present in this paper some recent results
about the influence of the precipitation conditions
on the morphology of Cu-layered double hydro-
xide (LDH)-type nanoplatelets obtained by con-
trolled double jet precipitation (CDJP) [16-20] and
by hydrolysis of urea [21,22]. The dispersability of
the powders was also studied in aqueous suspen-
sion.

The Cu,(OH)3NOj; structure has been recently
re-examined by Guillou et al. [23] and belongs to
the P2, space group with z = 2; the crystal system
is monoclinic with f=94.619° and the cell
parameters a = 5.6005A, b=6.0797 A,
¢ =6.9317 A at 25°C. The structure can be viewed
as layers of Cu octahedra stacked upon each other.
Two types of copper octahedra exist: Cu(1) atoms
are coordinated by four OH groups and two
oxygen atoms belonging to NOj3 groups. The
Cu(2) atoms are coordinated by four hydroxyls,
the fifth OH™ standing a bit further and an oxygen
atom belonging to a NOj3 group. The copper
octahedra  form layers of stoichiometry
[Cu,(OH);]". Consequently, NOj; ions stand
between the positive layers for charge balancing
and are linked by hydrogen bonding to the
hydroxyl groups belonging to the copper octahe-
dra layers (Fig. 1). Due to its layered structure,
Cu,(OH);NOj is expected to crystallize in platelet-
shaped particles.

While working on the preparation of uniform
colloidal copper oxide by CDJP, Lee and Mati-
jevic [24] have observed that the stoichiometry as
well as the morphology of the particles obtained
by reaction between NaOH and Cu(NO3), depend
on the [NaOH]/[Cu(NO;),] molar ratio. For a
molar ratio comprised between 1.0 and 1.5, a
copper hydroxynitrate Cu,(OH);NO; is precipi-
tated as hexagonal platelets. When this molar ratio

Fig. 1. Crystal structure of Cu,(OH);NO; showing the anchoring of nitrate groups in the layers of stoichiometry [Cu,(OH);]".
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is increased above 1.5, CuO ellipsoids are formed
and CuO needles appear if the ratio is increased

C. Henrist et al. | Journal of Crystal Growth 1 (1ll1) 1111 3
2Cu(NOs), + 3NaOH
— Cuy(OH);NO; | + 3NaNOs. (1)

further above 2.0. The temperature also plays a
role in the morphology and chemical composition
of the end-product: hexagonal platelets of copper
hydroxynitrate do not form anymore at a tem-
perature higher than 50°C. The main drawback of
this technique is the very low concentration of
solid in the suspension after complete addition of
the reactant solutions—around 1g/l. In order to
improve the yield of this batch synthesis while
keeping the desired size and morphology of the
particles, we have tried to increase the concentra-
tion of the reactant solutions as well as their rate
of addition into the reactor. Besides, a new
continuous precipitation reactor has been designed
in an attempt to bypass the problem of high
dilution of the product. Finally, some trials have
been made concerning the addition of growth
modifiers that are expected to adsorb preferen-
tially on certain crystal planes of the growing
particles and therefore inhibit the growth in such
direction, yielding more anisotropic particles.

Alternately to the precipitation technique, cop-
per hydroxynitrate can be obtained by reacting
copper nitrate and urea [21,22]. Urea will act as a
reservoir for hydroxyl ions in solution, since these
are released along the whole process by hydrolysis
of urea upon heating. Krathovil et al. [21] have
studied the influence of urea concentration and
copper nitrate concentration onto the particles
morphology obtained at 90°C after 2 h of matura-
tion in solution. They have observed that platelet-
like particles are not formed for every copper
nitrate concentrations but are obtained in a
narrow range of solution composition.

2. Experimental section
2.1. Double jet precipitation

The synthesis of Cuy(OH);NO; have been
performed following the conditions described by
Lee and Matijevic [24]: the reaction takes place
between copper nitrate and sodium hydroxide

(Eq. (D):

Copper nitrate has to be maintained in excess in
order to prevent the formation of copper hydro-
xide (Cu(OH),) or copper oxide (CuO): the [OH ]/
[Cu®*] molar ratio is thus adjusted to 1. The final
pH of the suspension is weakly acid, around pH 5.
The “classical conditions™ are the following: the
reactant solutions are prepared by simple dissolu-
tion of the salts in de-ionized water. Copper salt
solution and sodium hydroxide solution of con-
centration 0.1 M are simultaneously added to the
reactor containing an initial water volume of
200 ml, with Heidolph peristaltic pumps working
at a discharge of 10ml/min. The total injection
time is adjusted to 4 min. The suspension is let to
mature during 5 days at a temperature of 25°C.
The solid phase obtained after reaction is recov-
ered by centrifugation at 4000 rpm and washed
two times with water, then air-dried at 60°C
overnight. Two types of reactors have been tested:
the first one is a classical CDJP reactor and the
second one has been designed in an attempt to
reach a brutal dilution of the particles straight
away after their formation in order to avoid
growth and agglomeration (Fig.2). This home-

Air—

Cu(NO3),» 7~ ™ «NaOH

_lal
O O

magnetic stirrer

Fig. 2. “Diluting” CDJP reactor.
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made “diluting” CDIJP reactor is composed of
three parts: the reactant solutions are injected into
a small reaction chamber where they are vigor-
ously stirred by a cruciform magnet. The resulting
suspension then flows up through a pipe, into a
dilution chamber containing a large volume of de-
ionized water. Injection of air at this point allows a
better dispersion of the particles in suspension.

2.2. Urea hydrolysis

Urea acts as the base reservoir. In aqueous
solution, it decomposes upon heating into ammo-
nia and HNCO following the equation given
below:

(NH,)CO = NH; + HNCO. an

In acidic or neutral conditions, HNCO is con-
verted into carbon dioxide, and ammonia is
converted into ammonium cation (Egs. (II) and
(Iv)):

HNCO + H,0 + H" > NHj + CO,, (I11)

NH; + H* > NHJ. (IV)

Reactions (III) and (IV) are proton consuming,
thus promoting a progressive increase of the
solution pH. The precipitation reaction being
hydroxyl consuming, the urea hydrolysis equili-
brium is displaced towards the end-products.
Copper nitrate and urea solutions are placed in a
beaker in a heating bath set at 90°C under
moderate stirring. The solid phase that slowly
appears is let to mature for 2h in the mother
liquor, then separated by centrifugation at
4000rpm and washed with deionized water.
Drying of the powder at 60°C is applied for one
night. The concentrations have been chosen
according to the results published by Krathovil
et al. [21] and presented in Table 2.

2.3. Characterization techniques

The particles morphology is observed by scan-
ning electron microscopy (SEM) on a Philips
ESEM XL30 FEG microscope after coating of
the sample by a thin, conductive gold layer
obtained by sputtering under vacuum. The crystal-

linity of the end-product is checked by X-ray
diffraction analysis (XRD) on a Siemens D5000
diffractometer working with CuK,, radiation and
Ni filter. Particles size distribution in solution was
measured with a Malvern Mastersizer Hy-
dro2000S granulometer, while the mean size of
the particles in the dry powder was determined by
visual observation of SEM micrographs on a
minimum of 100 particles. Infrared absorption
spectra were obtained on a FT-IR spectrometer
1760X from Perkin Elmer. Around 1.5mg of the
sample was mixed with 800 mg of vacuum-dried
KBr and pressed as pellets under a 1300 MPa
pressure. A simultaneous thermal analysis was
performed in a Netzsch apparatus, model STA
449C, in order to obtain the TG-DSC data. The
powder was placed in an alumina crucible and
heated under air at a rate of 10 K/min.

3. Results and discussion
3.1. Morphological aspects

3.1.1. Double jet precipitation

Several parameters have been studied: type of
reactor (samples 1 and 2), flow of reactant
solutions (samples 1, 3-7), concentration (samples
1 and 8) and addition of a growth modifier
(samples 9 and 10). All synthesis conditions are
summarized in Tables 1 and 2.

3.1.1.1. Type of reactor. The particles obtained by
precipitation of Cu,(OH);NOj in the two reactors
presented above are characterized by relatively
different morphologies, which are displayed in the
SEM micrographs in Fig. 3. As can be seen in
Fig. 3a, the diluting reactor leads to the tabular
morphology, but the particles exhibit a peculiar
arrangement typically resulting from intergrowth
mechanism. It is clearly showed that the individual
platelets are not simply randomly piled up, but
have simultaneously grown from pre-agglomer-
ated seeds and are therefore impossible to separate
by any soft process. Vigorous grinding or hydro-
thermal post-treatment of the powder do not affect
this particles morphology obtained at 60°C. In
contrast to this, using the classical CDJP reactor
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Table 1
Synthesis conditions of samples obtained by CDJP
Sample Type of  Reactants Discharge of Additive
reactor®  solutions reactants
concentration  solutions (ml/
(mol/1) min)
1 C 0.1 10 —
2 D 0.1 10 —
3 C 0.1 20 —
4 C 0.1 100 —
5 C 0.1 200 —
6 C 0.1 350 —
7 C 0.1 450 —
8 C 1.0 450 —
9 C 0.1 10 SDS
10 C 0.1 10 NaNOs

2C: classical; D: diluting.

Table 2
Synthesis conditions of samples obtained by urea hydrolysis

Sample [(NH,)>CO] (mol/l) [Cu(NO5),] (mol/l)
11 0.1 0.03
12 0.2 0.06

produces well defined and separated tabular
particles with elongated hexagonal, slightly in-
dented contour. The mean dimensions of the
particles were determined by image analysis based
on SEM micrographs: the average length is 508 nm
while the width was evaluated to be 316 nm (sce
Table 3). This difference can also be evidenced in
the XRD pattern. It can be seen in Fig. 4 that
sample 1 exhibits a higher Iy /120 ratio than
sample 2, which indicates a more pronounced
orientation of the single platelets towards the
incident X-ray radiation. This preferential orienta-
tion is not possible in the case of the tangled up
arrangement of the particles.

We can explain these behaviors starting from
observations during the reaction. At the first stage
of the reaction, in the classical CDJP reactor, the
suspension remains transparent and dark blue,
revealing the presence of the six-fold coordinated
cupric ion in solution. Later on, the suspension
turns light blue and becomes turbid: the copper
hydroxynitrate precipitates. On the other hand,

Fig. 3. SEM micrographs of Cu,(OH);NOj; particles synthe-
sized: (a) in the “diluting” reactor (sample 2) and (b) in the
classical reactor (sample 1).

Table 3
Mean particles size determined by image analysis based on
SEM micrographs

Sample Length (nm) Width (nm)
1 508 316
8 246 153

10 408 226

e w
L
001
120

5 a
<
P
‘@
c
[}
E

b

0 10 20 30 40 50 60 70 80
2 theta

Fig. 4. XRD pattern of (a) sample 1, Ino;/l120=4.7 and (b)
Sample 2, 1001/1120 =1.5.

when working in the “diluting” reactor, we do not
observe the transparent dark blue stage of the
solution but straight away the turbid light blue
suspension of solid. This is due to the high
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Fig. 5. Hypothetical growth mechanism proposed for the diluting CDJP reactor.

concentration of reactants present in the small
reacting chamber: there is no water volume
initially present in the reacting chamber before
the addition of the reactants, and the critical
concentration value (according to the LaMer
model, see Ref. [25]) is therefore immediately
reached. The high supersaturation conditions
induce the formation of primary particles at the
very beginning of the reaction. It is expected that
these primary particles would quickly get agglom-
erated to lower their surface energy and form
secondary particles, which flow up into the
diluting chamber. At this stage, secondary nuclea-
tion and growth processes are running by classical
bidimensional surface nucleation mechanism due
to the low supersaturation conditions so obtained,
as schematically illustrated in Fig. 5.

From these observations, we have decided to
give up the diluting reactor for the following
synthesis, expecting to avoid this agglomeration
tendency that occurs when using this type of
reactor.

3.1.1.2. Flow of reactants solutions. The quantity
of recoverable product was kept constant: the time
of injection was adjusted according to the flow of
solution (values reported in Table 4) and trials
were made at 25°C and 40°C. From SEM
observations (not shown here), it came out that
the discharge value of reactants solution into the
reactor does not influence the morphology nor the
agglomeration of the particles obtained, whatever
be the temperature. The mean size and morphol-
ogy of particles in samples 1, 3—7 were very similar
to each other, around 500 nm in length and 305 nm
in width. However, we have observed that
increasing temperature promotes the precipitation
of copper hydroxynitrate crystals with tabular
morphology more quickly: from 5 days, at 25°C,
to 1h, at 40°C.

Table 4
Conditions of addition for the study of the influence of the flow
at 25°C and 40°C

Flow (ml/min) 10 20 100 200 350 450
Time of injection (s) 240 120 24 12 7 5

3.1.1.3. Concentration. In order to increase the
mass of recoverable solid product, the concentra-
tion of the reactant solutions have been increased
ten times. The discharge of reactant addition has
been fixed at 450 ml/min regarding the fact that
this parameter does not seem to have a strong
effect on the morphology and size of the obtained
particles. Forty milliliters of 1 M reactant solutions
was injected to the reactor containing 300 ml of
water. The final solid concentration was 0.035 M.
This solid was recovered after a 5-day maturation
time at 25°C. As shown in Fig. 6, the resultant
powder is constituted of small subunits of copper
hydroxynitrate crystallites exhibiting a strong
agglomeration behavior. The very high super-
saturation conditions, immediately reached during
the quick addition of the reactant solutions, have
promoted a burst out of numerous, tiny nuclei in
the initial mixture. According to the La Mer model
[25], tridimensional nucleation proceeds so fast
that the concentration of precursors in solution
decreases rapidly, avoiding further nucleation and
growth. Since the initial nuclei formed in a
precipitation process are characterized by an
isotropic geometry, it is therefore not surprising
to observe that the particles obtained in these
conditions have not reached a tabular morphol-
ogy. Small particles have a tendency to agglomer-
ate in solution in an attempt to decrease their
surface energy, which seems to be the case here,
since randomly branched strings of knitted sub-
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SE 100 KTIM

Fig. 6. SEM micrograph of particles formed in sample 8 after 5
days of maturation at 25°C. Scale: bar 1 pm.

units are observed in the micrograph presented in
Fig. 6. However, this agglomeration appears to
take place after complete formation of the crystal-
lites, in opposition to the mechanism described for
the “diluting” reactor (see above).

From these observations, it appears that the
higher the concentration of reactants injected, the
smaller the particles. Comparing the particles sizes
of samples 8 and 10, determined by image analysis
and presented in Table 3, shows that the particles
obtained in concentrated conditions are twice as
small as those obtained from the classical condi-
tions.

3.1.1.4. Growth modifier and anti-agglomeration
agent. Growth modifiers are used when one tries
to promote or prevent crystal growth in one
direction [18,19,26,27]. Their efficiency is based
on preferential physical or chemical absorptions
on selected surface sites present on the growing
crystal faces. By this mean, precursors from the
solution cannot reach the hindered growth sites
anymore. In order to produce anisotropic crystal-
lites, the affinity of the growth modifier towards
the growth sites must be as different as possible for
the different crystal faces. The amount of growth
modifier molecules is also determined: if all the
faces are blocked, no more growth will take place
at all and tiny isotropic crystals will remain in
suspension. Generally speaking, any ion or mole-
cule able to interact with a surface site on the
particle facets can be used as a growth modifier.

Surfactant molecules, literally meaning ‘‘surface
active agents”, are commonly chosen due to their
amphiphilic nature: the polar or ionic head group
is anchored to the surface of the crystallite, while
the non-polar hydrocarbon tail group points
toward the solution, encapsulating the particle in
a hindering layer. This steric effect is known to
decrease the agglomeration level of particles in the
suspension and in the resulting powder. Conse-
quently, when properly chosen, a surfactant can
play both roles: as a growth modifier and as an
anti-agglomeration agent. A widely used surfac-
tant is SDS, sodium dodecylsulfate, which consists
of a 12-carbon chain with a sulfate functional head
group. It was added in small quantity of the order
of 5wt% relative to the mass of copper hydro-
xynitrate, and introduced before the precipitation
reaction takes place, either in the initial water
volume present in the reactor (sample 9), in the
NaOH solution or in the Cu(NO3), solution prior
to injection. In all cases, similar results were
observed: the mean size of the particles is slightly
smaller than before (around 470 nm in length) but
the morphology is kept identical. No decrease of
the thickness of the particles can be proved. It is
likely that the adsorption of the SDS molecules
onto the particles facets was not selective but
occurred randomly on all the faces.

The facets exhibited by a crystal are those
characterized by a minimal surface free enthalpy.
The crystal has two possibilities to decrease this
term of enthalpy: either by exhibiting low Miller
indexes faces or by adsorbing ions or molecules
onto high Miller indexes faces. In the precipitation
reaction, the counter-ions form sodium nitrate in
solution. Moreover, in the classical conditions
described before, the molar ratio [OH]/[Cu®"] is
equal to unity, leading to an excess of copper
nitrate in solution. One of these ions (Cu?", Na™
or NO3) probably adsorbs onto one face and
promotes the formation of the tabular morphol-
ogy. We drove the reaction in the reactor contain-
ing a sodium nitrate solution in place of the water
volume usually present, then the suspension was
allowed to age for 5 days at 25°C. The initial
sodium nitrate solution concentration was ad-
justed to 0.05M. A SEM micrograph of sample 10
is shown in Fig. 7. It is seen that the overall
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Det WD 500 nm

AccV  Spot Magn
16.0kV 30 72000x SE 10.0 KT NaNO3 0.0bM RT

Fig. 7. SEM micrograph of particles formed in sample 10 after
5 days of maturation at 25°C. Scale: bar 500 nm.

geometry is kept identical: an elongated hexagonal
contour with slight indentation. The mean parti-
cles size is however a 30% smaller than the
samples obtained without sodium nitrate (see
Table 3, samples 1 and 10). From this, it is
thought that sodium and/or nitrate ions do not
show a pronounced preferred adsorption on the
basal plane of the crystallites rather than on the
edges, since the edgewise growth appears to be a
little bit slowed down. Other possible explanation
would be related to the 0.05M concentration that
could exceed the saturated adsorption concentra-
tion corresponding to the basal planes.

3.1.2. Urea hydrolysis

The method based on urea hydrolysis leads to
the obtention of crystals with remarkably im-
proved morphology. Samples 11 and 12 gave
similar results.Copper hydroxynitrate precipitates
as very large, elongated hexagonal platelets with a
sharp contour (Fig. 8). The particles seem also a
bit thicker than their CDJP-precipitated counter-
parts. Their size was not acurately determined but
SEM micrographs show that a 10 um size is easily
attained. Some intergrowth sites are visible in
Fig. 8, probably arising from the low mechanical
stirring and high-temperature conditions.

3.2. Molecular characterizations

Infrared spectroscopy and thermal analysis give
access to additional molecular-scale information

AccY SpotMagn Det WD F————————— 10um

500 kV ¢

3600x SE 103

Fig. 8. SEM micrographs of particles in sample 11 after 2h oh
urea hydrolysis at 90°C. Scale: bar 10 pm.

concerning the structure of the compound. At this
level, both synthesis methods (CDJP and urea
hydrolysis) show no difference neither in chemical
purity nor in the proper crystal structure of the
samples. Fig. 9 shows the FT-IR spectrum of a
copper hydroxynitrate sample obtained by pre-
cipitation (the spectrum of a sample obtained by
urea hydrolysis is identical). Secco and Worth [28]
studied in detail the vibrational properties of this
compound. IR absorptions are essentially due to
hydroxyl and nitrate groups. Carbon dioxide is
present as a contaminant with a specific peak at
2344cm .

3.3. Hydroxyl absorptions

The OH groups give absorptions in the range
3600-3200cm ~'. The wideness of the band is
related to the degree of hydrogen bonding with
neighboring OH groups. Fig. 9 shows a complex
band in this region, with a fine and intense peak at
3547cm™!, corresponding to a nearly single
hydroxyl, while other wider bands centered at
3456cm ! indicate hydrogen-bonded OH groups.
A precise study of the crystal unit cell allows
distinguishing between the different types of OH
groups [23]. The hydroxyls also present torsion
vibrations in the range 255-292cm ', but these
values are out of reach of the spectrometer.

The Cu-O-H bonds give rise to bending
absorptions at different frequencies, depending

49

51

53

55

57

59

61

63

65

67

69

71

73

75

77

79

81

83

&5

87

89

91

93

95



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

[CRYS : 11805]

C. Henrist et al. | Journal of Crystal Growth 1 (1ll1) IIl-E1R 9
100 ~
7
80 1 2344 1762
60 -
=
S 40
207 3456
0 4 3547
1421 1352
1384
-20 T
1000
cm?

Fig. 9. Infrared spectrum of Cu,(OH);NO5 (2mg/800 mg KBr) from 400 to 4000 cm .

Table 5
Infrared absorptions of nitrate groups
Frequency v (em™ ) v2 (em™ 1) v3 (cm™ 1) v4 (cm™1)
Literature [23] 1040-1067 801-839 1313-1432 702-741
Experimental 1048 810 1352-1384-1421 717
Intense and fine singlet multiplet Doublet of equal intensity
on the degree of hydrogen bonding: 878, 780, equation:

675cm ™ '. Experimentally, we observe absorption
bands located at 876, 784 and 673cm ™.

3.4. Nitrate absorptions

While the isolated nitrate ion gives only two
active vibration modes in infrared (v, and vy4), the
nitrate ion anchored in the crystal absorbs the
infrared radiation at the four frequencies corre-
sponding to v;, v», vz and v4. Harmonics and
combination peaks rend the spectrum still more
complex. Assignations of nitrate vibrations are
summarized in Table 5.

Thermal analysis of the copper hydroxynitrate
shows its thermal decomposition and subsequent
conversion into copper oxide [22]. Although this
decomposition takes place in one single step, it
follows the mechanism described by the following

Cuy(OH);NO3 —2CuO + HNOs3(g) + H,O(g). (V)

This decomposition mechanism does not imply the
dissociation of gaseous nitric acid, as it is currently
admitted. Auffrédic et al. [22] have shown that, if
the dissociation of HNO; to give H,O, NO, (g)
and O, (g) is thermodynamically favoured, the
decomposition kinetics is extremely slow below a
temperature of 150°C, and becomes significant
only starting from 250°C. However, as Fig. 10
shows, the main mass loss is accomplished at this
temperature. The TG curve attests a single-step
degradation that is accompanied by an endother-
mic effect related to the evolved gaseous compo-
nents. The total mass loss reaches 34.7wt% at
500°C, which is in good agreement with the
theoretical value of 32 wt% [24].
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Fig. 10. Thermal analysis of copper hydroxynitrate: TG and DSC curves from RT to 500°C under air. Heating rate =10 K/min.

3.5. Dispersability

Aqueous slurries can be used to incorporate the
inorganic filler in a water-soluble polymer, or can
even be added during the synthesis of an emulsion-
driven polymerization of PVC, for example. In this
respect, it is interesting to control the stability of
the suspension and avoid the formation of large
agglomerates of particles in water, prior to the
mixing with the polymer. Fig. 11—dashed curve
shows the size distribution in volume of the copper
hydroxynitrate powder corresponding to sample 1,
without any dispersing aid other than stirring. It
shows that the platelets tend to aggregate in water
to form big clusters of mean size ca. 15um. A
dispersant additive was used in order to improve
the dispersion of the particles in suspension:
Dispex N40OV, a sodium polyacrylate in aqueous
solution. Five drops of Dispex N40V solution
(0.1445 g) were added to the tank containing 10 ml
of mother solution and 110 ml of water. Stirring
and ultrasonication was applied during 15min
before making the granulometric measurement
(see Fig. 11—solid curve). The distribution curve
shows an important maximum at ca. 0.194 um,
which can be assigned to single platelets in

suspension. Increasing the Dispex N40V concen-
tration does not improve the dispersion effect. It is
therefore proposed that DispexN40V acts rather as
a stabilizer of particles previously mechanically
separated by the ultrasonic bath. On the other
hand, the particles dispersion cannot be performed
only by ultrasonic exposure. It is important to
stress that the best dispersion effect is obtained by
using the two techniques simultaneously.

4. Conclusions

From the results that have been described
above, some guidelines can be proposed concern-
ing the production of copper hydroxynitrate by a
precipitation reaction starting from sodium hydro-
xide and copper nitrate solutions. The flow of
injection into the CDJP reactor does not affect the
size nor the morphology of the particles, at 25°C
as well as at 40°C. Experiments related to the
concentration of the reactant solutions have
shown that the size of the particles depends
strongly on the molal concentration of the
precipitate. The increase of this concentration is
accompanied by a decrease of the mean size of the
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Fig. 11. Distribution in percent volume of the particles in sample 1 in aqueous suspension: (- - -) as-synthesized slurry; (—) slurry after
ultrasonication in the presence of a dispersant. For experimental details, see the text.

particles and a loss of tabular morphology. The
use of sodium nitrate as an adsorbent allowed us
to produce slightly smaller particles at 25°C. The
optimum conditions to produce thin, non-agglom-
erated particles in a short ageing time are thus
encountered when working in a classical CDJP
reactor, with a low concentration of sodium
nitrate added in the water volume initially present
in the reactor, and allowing the suspension to age
at 40°C for 1h.

On the other hand, working with the urea as a
source of hydroxyl ions allows a slow and better-
controlled formation of the precipitate. The
striking difference lies in the size and morphology
of the particles, which are 20 times larger and have
a better-defined geometry. However, this great
increase in size is accompanied by an increase in
thickness that may be incompatible with nanofiller
applications.

Finally, good dispersion of the powders in
aqueous suspension was obtained by performing
ultrasonication on the solution containing small
quantities of a commercially available anionic
dispersant, Dispex N40V.
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