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Abstract

This paper presents a theory that links solution complexation equilibria with a model for
precipitation predicting the particle size distnibution. This model uses classical nucieation
theory and growth rates by various rate limiting steps for the growth of the crystals. This
mode! is compared to forced hydrolysis experiments where dilute Indium nitrate solutions,
acidified with nitric acid, were heated to 80°C. The experiments prodvced cubic particles
of Indium hydroxide. The experimenis were monitored for temperature, pH, turbidity,
indium concentration in solution and particle size distribution, all as a function of time for
comparison with this model. The model gives an accurate prediction of the evolution of the
particle size distribution, pH, turbidity, and indium conecentration with time.

Introduction

Forced hydrolysis is a common way to produce metal hydroxides from an acidified metal
salt solution, To induce precipitation, this acidified metal salt solution, initially below its
solubility and stable with respect (o precipitation, is heated to an elevated temperature.
Upon heating the solution, the concentration of OH- ion increases forcing the precipitation
of a2 metal hydroxide. Professor Matijevic has taught us that these metal hydroxides can be
precipitated under controlled conditions as monodisperse colloids and as such are of
interest for many applications including ceramic powders, magnetic media, imaging
materials, toners and pigments. Professor Matijevicl, over his long and productive career,
has been able to produce monodisperse hydroxides of nearly all the metals in the periodic
table. Over the years, his work has been expanded by many researchers around the world
to produce aumerous types of monodisperse paricles for numerous new technologies.

[n this work, we develop a model of forced hydrolysis which predicts both the particle size
distribution of the precipitated particles caused by changes in the concentration of ions in
solution. This is done by performing a mass balance on the species in solution that
precipitate and using these concentrations to predict the concentration of the other ions in
solution, assuming that the solution is in equilibrium with respect to all other species. The
results of this model are compared to the experimental system?2,3,* where a dilute
In(NO3); solution acidified with HNOj is heated from room temperature 1o 80*C in a water
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bath causing the precipitation of cubic submicron In{OH);(s). This experimental system
was chosen because it is simple due to 1) a reduced suite of ion complexes and 2) the
precipitation of a crystal with a keown geometry, However, the model can be applied to all
forced hydrolysis systems. N

Mass balances are performed for the Indium metal jons, M+™, and OH- ions and are given
by the generalized differential equations given below :

U] _ fretease of OH- from dissociation of Hy0]

-{Loss of OH- due to complexation with metal}
-{Loss of OH- due to nucleation}

-{Loss of QH- due to crystal growth} N
d[M+m] ) . . . . .
T = {Loss of M*™ due to complexation with various anions in solution}

-{Loss of M*™ due to nucleation}
-{Loss of M*M due to crystal growth} (2)

where [] symbolizes concentration. The initial conditions for these differential equations are:
{OH-}1=Cp.att=0,[M*™]=Cyatt=0and [H*] =C, at all time.

All C; values are constants. Since we are in dilute solution, we will assume that activity
and concentration are equivalent. This is not totally accurate. However, 10 add activity
coefficients, which are a function of the ionic strength, and their calculation to these two
non-linear coupled differential equations would render them much more time consuming o
evaluate. Each of the terms of the above differential equations is discussed below after a
discussion of the reactions that take place as an acidified metal salt solution is heated. To
resolve these two coupled differential equations, a forward difference technique was used
for the time derivatives. This finite difference technique was found to be stable if time

steps less than | sec. were used.

Metal Complexation in Solution

Solution speciation reactions with anions A= NQs] are given by :

Kaijj
iMtmyja-a g MiAjHim-ja) 3

[M;A;1+im52)
A= M) A-ep
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For this work, we will use the NO4 complexes consisting of i:j cqual to 1:t and 1:25. For

these complexes, we have the equilibrium constant, Knoajj. and the AHNo3;) of reaction®
given in Table 1.

Solution speciation reactions with OH- ions? also oceur in solution :

Komij
IMMJOH- g M;(OH);Him-) “

Kouij =[—‘—1——M.(OH.)']+(im'.j)

[M*™]{OH-}
For this work, we will use Biedermann's modeld.? of solution speciation of Indium
hydroxide complexes. These include complexes izj , 1:1, 1:2, 2:2, 3:4. These solution
complexes have been observed by Raman Spectroscopy!9,ll.  For these complexes, we
have the equilibrium constant, Kogij, and the AHoy;; of reaction!2 given in Table 1. The
reaction kinetics between the 1:1 and the 2:2 complexes have been studied by temperature

jump experiments!3,
2 In(OHy* 2= In2(OH)*

The forward rate constant for this reaction was found to be 4.130.4 x 105 M-V sec-!, Thus
this reaction is fast, occurring within a msec for the solution concentration typically used in
forced hydrolysis. Other forward and backward reactions given in equation (4) have not
been srudied as to their reaction rates as evidence of the lack of information in the literature.
In general, other solution speciation reactions can take place with other anions {or cations)
B:
Kpij
iM*myjB-b g B Him-jb) {5)

o MBI m®)
BT Mrm(B-b)

However, in this experimental system, there are no other ions in solution for the metal to
complex with, but this not always the case in forced hydrolysis. Solution speciation
reactions with anions A2, B-b and OH- lower the concentration of M+ in selution and
lower the supersaturation with respect to the metal hydroxide precipitate.
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Table 1 Indium complexation reactions - Equilibrium constants,
KoHij
Reactions of the type iM*™+jOH- g~ M;(OH);im-)
ij log{Kowiy) aH
@25°C (Kcal/mole)
1:1 9.58 -8.2
| 1:2 19.67 -13.0
2:2 22.18 -16.0
3:4 46.08 --
Knosij
Reactions of the type iM*™+jNO;y g% M;(NO;);Him-)
i log(Knoaij) aH
@25'C (Kcal/mole}
1:1 -0.43 -
1:2 -0.3 -

Acid Dissociation

Acids present in solution dissociate. For nitric acid, used in this example of forced

hydrolysis, the reaction is :

Ky
H* + NOy =% HNO, (6)
[HNO,] . . . _
KFW?%T 10-1-44 @25°C and 10-1-18 @70°C. AH, = 3.3 Keal/mole'?

Water lonization
Water's jonization equilibrium is also necessary to describe the experimental system :

Kw
H;0 =—= H*+OH 16

Kw = [H*][QOH-] =10-13.99% @ 25°C and 10-12422 @ 90°C15,16
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In an acidified metal salt solution [OH] is very low. For a solution with a fixed [H*], the
[OH-] is increased by an increase in the temperature of the solution, since the value of K,

increases with temperature,

Model predictions for [H*] and [OH-] for a 0.00078 M HNQG; solution at various
temperatures between 25°C and 100°C show that the [OH-] =K ,/[H+] increases from 10-11
M to 10- M while the [H+] and [NO5-] do not change by more than 0.4% and 0.04%,
respectively, in this emperature range. Furthermore, if we assume that the [H¥) is.
constant, the error in [OH-] is less than 0.04%. Experiments performed on heating this
solution show a pH change of only 0.05 after temperature compensation. This change is
similar to the noise level in these experiments. This proves that NO3~ complexes and [H+)
do not vary significantly with temperature. We will take advantage of this insignificant
change in [H+] and [NOy7] as temperature changes to simplify the necessary differential
equations for the mass balance, i.e. no balance is necessary for H+ or for NO5-.

Precipitation of Metal Hydroxide

The reaction of a metal hydroxide is given by :

Kep
M*1LmOH- = M(OH)uis) @

Ksp = [M*M][OH"]™,

For Indium hydroxide, Ky, is 10-369 M3 at 25°C and 10-* M3 at 90°C(predicted value
using 8H,p=24,789 cal/moie!?).

The supersaturation ratio, S, is given by :
_ [M*™[OHJm
$= K ®)

The rate of precipitation will dictate the loss rate of OH- and In*2 ions due to the steps of
nucleation and growth of the particles, discussed below,

Release of OH- due to ionization of H,0

Rate of precipitation is controlled by the release rate of [OH-]. We will make the
assumption that the forward and reverse reactions responsible for the dissociation of H;O
are very fast (msec.) compared to the rate at which heat can be transferred to the solution
(min.). Thus the reicase rate of [OH-] is limited by the change in temperature of the
solution!8, dT,

at
d(K“'(T))

d[OH] _"[H+]y dT _Ku{T) r-AH,~dT 0

dt = 4T - [H+l, (Rg—rz] dt (10)
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assuming that the [H*], is fixed during the forced hydrolysis experiment. Note, R, is the

gas constant. As a resuli, the release of [OH-] is controlled by the heating rate, % , of the

solution.

The temperature of the solution is altered by placing a 300 ml vessel containing the solution
into a water bath, The vessel's contents starts a2t a consiant température, T,, often room
temperature, and is immersed in water with a constant temperature, T, assumed o be an
infinite reservoir. Heat is transferred to the solution by convection (natural or forced)
through the walls of the vessel. We will make the assumption that the solution inside the
vessel is all the same temperature and that the heat transfer is given byi9 ;

dT
VpCp g =ho(Tu-T)A (n
where V is the vessel's volume, p is the density and Cj, is the heat capacity of the solution
in the vessel, A is the surface area of the vessel exposed to the heat reservoir and hy, is the
overall heat transfer coefficient for both the inside and outside boundary layer, as well as,
the heat conduction for the glass wall of the vessel. The solution to this heat balance on the

solution in the vessel is given by :

h
T =To+ (TyTo) €xp (Ho22y 1) a2
VpC,

Vessels filled with the same volume of solution 1o be used in forced hydrolysis experiments
have been subject to heating tests. The temperature in the vessel was measured with a
thermocoupie as a function of time. A plot of (T ,-T..(T,-T,,) as a function of time was
made and an exponential curve was used as a best fit (r2=0.998). Analysis of the slope

h
gives the parameter group (V"'é—) [= 0.1838 min.-'] which is all that is neceded to

P
determine the temperature versus time curve for any initial, Ty, and bath, T....

The temperature change is rather slow in the water bath taking more than 5 minutes to reach
80'C. This equation gives a heating rate, %l’t_ for the solution in the test tube of ©

ar _.
de

hoA v hgh
(=) {Ty-To) exp [ ] {13)
vpc, " ° P VpC,
This heating rate can be used in the equation describing the release rate of [OH"], equation
(10), completing a theoretical description of the [OH-] release rate. As a result of the
heating rate, the [OH"] can be calculated if losses due to nucleation and growth are
accounted for, as discussed below.
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Loss of M*m™ due to complexation with anions in solution

The heating rate will also release M+*M jons due to the altering of the solution speciation
equilibria of the metal with A2 and OH- ions given by20 ;

AHgy; +AH,
dhg"' ]‘_:CL_TZ 1__2 1RET2 ; +
t L= 1<« _ .
‘ } Komy IMYM[oHY T [M*™]
AH,;
(5w

dT 1 R,T?2
T2 T . 1 (14)
1

) KAij [M+m]i[_,\-a]j + [M+m]

where % is again the heating raie of the solution. This expression assumes that (A™3] is not

dependant upon temperature which is the case if it is an independent ion added with the
metal salt used in the initial formulation of the sotution and not complexing anything but the
metal. Otker solution speciation, i.e. [M;B)] can also be evaluated in the very same way
giving additional terms like the M;A; term. For the Indium hydroxide system under
investigation the equilibrium constants and the enthalpies are given in Table !,
Temperature correction of an equilibrium constant was accounted for by :

dinK_ -AH s
aT TRy TZ (s

Loss of [OH-] and [M+™] due to Nucleation

With precipitation, we need a mass balance on {OH-} and [M*™] since they are changing
with the formation of a metal hydroxide. The loss of is due to two processes ; nucleation
and growth. For nucleation, we have :

doHI . 22§ T RS T (6
L =M,
djMe

'L‘L ]=-le J(S.T) R¥S,T)3 an

where p is the density and M, is the molecule weight of the solid,

-32 93 (p/M,)2

I[=Jas expl (R.T) (InS)2 112! is the nucleation rate22,23 24 which is a function of
2

. 1 /M
time (i.e. S and T are functions of time) and R*(S,T)[=% ] is the size of the
gl In

critical nuclei23, assuming nuclei and crystals are cubic. R*(S.T) is also a function of time
since S and T are functions of time.
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Loss of [OH'] and {M*™] due to Crystal Growth

After a crystal is nucleated al time, t, it will continuc to grow until the reaction is stopped or
the supersaturation decreases to < 1. The loss of [OH-) and [M*™M] due 1o crystal growth
is therefore given by :

1.2 dR R
dL-—lﬁ’f‘ P { ISE.TO Aty enied J’ R2 08)
Inuclealed
t
d
el =-MLwJ JSOIO dt by g J‘ r2 4R, 15
Lhucleated

where %—? is the growth rate of the crystal from the time it is nucleated until time, t.
Generally, the growth rate has the form % = C [(8) R". Parameters in the various crystal

growth rate models2% are given in Table 2. All growth rates are a function of the saturation
ratio, S, which is intern a function of time.

Results of Experiments

Experiments similar to those performed by Hamada, et. al.27 and Yuar, et. al.28 giving
submicron cubic crystalline In(QH)y-particles were performed using a solution 4.0x104 M
In(NQ3)3 and 4.0x10*4 M HNOs5 . pHiyiy;a =2.8010.05. Using chronomal analysis?9 on
the average particle size, Hamada, et, al.>® found that the growth limited by a poly-surface
nucleation mechanism. 300 mi of this solution was prepared and filiered through 2 0.2 um
membrane filter and let stand for 24 hrs at room temperature (22.040.5°C). This vessel
was then placed in a water bath {filled with a ethylene glycol solution to slow evaporation)
at 80.020.1°C. Ax various times 20 ml samples were taken and rapidly quenched to room
temperature and measured as to their pH, absorbance a1 A = 390 nm and were centrifuged
at 700 G and washed repeatedly with distilled water using ultrasonic agitation3!. The
particle size distribution as measured taking a sample on an aluminum stub for observation
with a Cambridge Stereoscan 240 Scanning Electron Microscope. An example of the
particles produced by this reaction is given in Figure I. The particle size distribution was
measured by automatically counting =300 particles of different size in the SEM pictures
using Image 1.49™ software?2. The error of the size distributions?? measured was less
than 5%. The arithmetic mean size and standard deviation were determined from the
particle size distribution. A portion of the samples were also extracted with chloroform
solution, The total amount of indium ions and the amount of indium in polymeric
hydroxide complex form were detecied using a pH shift spectroscopic technique pioneered
by Hamada, et. al.3 that uses the colored Indium - 8quinolinol complex for detection.
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Table 2 Crystal Growth Rate
dR/dt = C(Sy*R"
Growth Mechanism C f(5) n Ref
Diffusion Bulk UDCq 5-1 -1 "
Mano Surface Nucleation BaDd3 exp[aG kg T 2 41
Poly Surface Nucleation 3 (5-112Pexp[AG* kpTI$ 0 42
(NaCegt??
Screw Dislocaion DsnseP/(¥o2p) S5, tanh(S,/5)5% 0 43

Chemical Reaction

Dy 5-1

$AG," = P2 %2 d2/{1Ba kT In S}

151 =(yo/y.)S

¥ is the molar volume, Nay is Advogadro's number, C,, is the equilibrium concentration,

D is the diffusion coefficient, sub-s surface, 7y is the Damkohler Number, p 4 is the area
shape factor for surface nuclet, ygo is the distance between steps, ng, is the equilibrium

surface concentration, P =1-g,/S is one minus the maximum surface supersaturation

divided by the solution supersaturation, p is the density.

Experimental data are presented in Figures 2 and 3. The temperature compensated pH (not
shown) decreases approximately ¢.30+0.15 pH units afier the temperature of the solution
is raised. The solution absorbance is near zero for nearly one hour then increases from 100
to 250 min. As a result, we can presume that the particles are nucleated rather quickly and
they take time to grow to the a size that is sufficiently large to scatier light, (Note, R* is
=50A for these values of $ and T.) The mean particle size increases from 150 min. to 300
min.with a decreasing rate and the standard deviation of the particle size disiribution
generally increases with growth time. The fraciion of monomeric Indium complexes
{defined as all indium complexes in sotution except the i:j= 3:4 hydroxide complex]
decreases with time. The polymeric Indium complexes [defined as the 3:4 indium
hydroxide species] increases to a maximum concentration at 180 min., then decreases to a
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Figure |. Scanning Electron Micrographs of particies produced at 240 min. Bar = 5 pm.

minimum at 250 min. then increases again. The polymeric Indium complexes have a very
low concentration at all times and may be subject to errors since the detection limit of this
technique is 6 x10-6 M or a fraction of 0.015. The measured particle size distributions,
shown in Figure 3A, show the increasing size and breadth of the particle size distribution

as time progresses.

Comparison with Model Calculations

Litilization of this model allows the prediction of the particle size distribution and the values
of [In*3), [OH"], § and all of the species of the type Inj(OH-)*Gm-D or Ini(NO5)H(im-),
shown in Figure 2, 3 and 4. The parameters used in these model calculations are given in
Table 3. These result are highly dependent upon 1) the growth model used for calculation
2) the diffusion coefficient, D, used in both the growth rate and the nucleation rate and 3)
the interfacial energy, v, used in the nucleation rate. Changing the growth law alters the
shape of the particle size distribution as it matures with time. The diffusion coefficient
alters the speed with which the particles are both nucleated and grow. And the interfacial
energy independently alters the nucleation rale which as a consequence alters both the
number density of particle and the time over which nucleation takes place, i.e. the nuclei
size distribution. The growth model which best fit the particle size data (Figure 2B) (and
the absorbance dara, Figure 2A) is the diffusion limited growth law. Previous
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tesearchers?? using chronomal analysis have found that poly surface nucleation is the rate
determining growth step. However, chronomal analysis uses LaMer's concept of a single
burst of nucleation followed by a period of growth which our model suggests is not true
because nucleation is continuous, broadening the particle size distribution, The model
parameters of diffusion coefficient, D [=5x 10-8 ¢m2/sec), and interfacial eaergy, v [=105
crglcmzl, were aliered to give the best fit (by eye) of the particle size distributions. The
value of interfacial energy was found to be typical of a selid in a liquid?6,37 and has a
great deal of controf of the particle size distribution even for small changes, i.e 1 ergicm2.
The value of the diffusion coefficient is much lower than that typical for ions in
solution38,3%, i.e. 10-5 cm2/sec. But since the diffusion coefficient for either nucleation
or growth is an effective value which must account for 1) counter diffusion, 2) muli-
component diffusion, and hydrated indium ion complex diffusion, it may be reasonable to
use such a [ow value. As a result of these values, the absorbance measurements shown in
Figure 2A are also well fit by the model. The absorbance data contains information on the
number, as well as the size of the particles. According to Rayleigh's law of light
scattering, the intensity of light transmitted through a suspension of length, I, is given by :

I'=Tsexp(-N Csca I) 20)

where [ is the incident light intensity, N is the number of particles per unit volume and
Cqca is the cross section for scattering given by :
2411:3\"2 (m‘2 -1 bl (2[)

34 m24+2

Cica=

where V [=a3) is the volume of the particle, A is the wavelength, m is the relative refractive
index of the particle in the medium, water. Since the model predicts well the particle size
data and the absorbance data we can infer that the model also predicts the panicie number
density well. The model results for the standard deviation of the particle size distribution
show the same trend as the experimental results but the mode! results are about 0.05
higher.

In Figure 4, we see the model results of [In*3] and [OH-] as a function of time as the
solution is heated from 22° to 80'C. The OH" concentration increases as the lemperature
increases. This increase slows as nucleation and growth proceed. The In*? concentration

3 -1
decreases monotonically as nucleation and growth proceeds. Since S= [n*7I[OH , we
sp
can see that changes in [In*3] and {OH-] impact the driving force, $. § (not shown)

increases from « L to = 10,000 as the tlemperature increases to 80°C and remains high for
time >20 min. until the end of the experiment allowing growth to proceed for several hours
at a very high supersaturation. The particies are nucleated over a specific period of time
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igure 2. Plot of experimental data for an experiment performed with a 4.0x104M

In{NO4)3, 4.0x10-4M HNQ,, pHi=2.80, A) Absorbance at A=390nm (1 ¢m cell) versus
time, B) Mean size and C) Standard Deviation of particle size distributions versus time D)
Fraction of monomeric and polymeric Indium species in solution. The sum of solid plus
monomeric and polymeric species totals 1.0.

(10 min. o, eation™ 20 min.) giving a distribution of nuclei sizes which continues to
grow as shown in Figure 3. Separate calculations show that the critical value of § is
=10,000 thus nucleation will be insignificant for all values of $ << 10,000 before the peak
in § at =10 min. The number of particles per unit volume and the particle size as a function
of lime when compared to experimental values are reasonably accurate, compare Figures
3A and 3B, except for limes greater than 250 min when the particle settle out of the reaction

vessel.

The way this model has been formulated gives the ability to predict the changes in the
concentration of solution species as the experiment proceeds. This is also shown in Figure
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Figure 2. Continued

4. Here we see that the various [OH-] complexes initially increase in concentration due to
an increase in [OH-] and then decrease in concentration as nucleation and growth proceed.
The concentratian of [In*3] and the !ni(NO3)j complexes decrease monotonically, The
experimental results for the monomeric and polymeric Indium hydroxide compiexes are
shown in Figure 2D. Comparing the model and experiment for the monomeric Indium
species shows that the model significantly under estimates, however, the downward trend
is consistent with experiment. Comparing the model (Figure 4) and experiment (Figure 2D,
3:4 complex) for the polymeric Indium species shows that the maodel is in significant error,
if we can trust the experimental data, as discussed above. Overall the model works wetl
for the number and size distribution of particles produced but does not accurately predict
the emporal changes in the monomeric and polymeric Indium specics.

Differences between experimental and model results are caused by both experimental
prablems and model inaccuracies. In experiments, the big particles settling on the
bottom or sticking an the glass wall while small particles are lost due to the
washing/centrifugation method employed. These experimental problems are observed
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Experimental
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Figure 3. Parucle size distributions at various times v60= 60 min., v120= 120 min., etc. A)
Experimental results B) Model results,



HYDROLYSIS OF In(OH), 243

10 Temparaiura

Concentration, Moles/L 0.1 fF -

Iy i
—a—

InOHii
JR——
Ino."‘zi i
——
InZOHZii
—g—
I::|30H¢'I.i n
+
IoNO3,
JR——
InNO3 21 i
——

QHii

i1
T

20 25 3o

(f11)

Time(min.)

Fig. 4 Concentration of solution species versus time of the foreed hydrolysis of 4x 10-M
In(NO3)3. 4x 10-9M HNO3. Using homogeneous nucleation and diffusion limited growth
mode).
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Table 3 Parameters in Model calculation with homogeneous

nucteation and the diffusion limited growth law

Parameter Value Where Obtained
-3:2—0 0.1838 min-! measured
pPB 0.04 mole/ cm3 44
u 0.075 1/ mole 45
D 5x10-8 cm2/s Best Fit
¥ 105 erglcm? Best Fit
d 5.002x10-8 ¢m a6
Hy -13340 cal/ mole 47
Ky 101392 @ 25°C )
Hsp 24789 cal/ mole a8
Ksp 10-369 M3 @ 25°C -
AHpnii. Koniy See Table 1
AHNo3i. KNpiij See Table 1
AH1 3.30 kcal/ mole 49
K1 10-)-18 @ 25°C i

late in the reaction time. The model doesn't consider the effect of the dissolution of the
smalt particles during quenching, washing and centrifugation on the standard deviation
and the resulting change of pelymeric indium species in solution. To improve the modef,
the dissolution of the small particles at late reaction times should be considered. Different
values for the madel parameters, i.e. the diffusion coefficient and the interfacial energy,
should also considered to better taylor the model so that it will better fit the experimental

resuits.,
Conclusions

The hydrolysis of acidified In{NQ3); solution has been siudied experimentally. The
result is a relatively narrow size distribution of submicron cubic In{OH); crystals. A

model of forced hydrolysis has been developed. This model accounts for the varying
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concentration of ions in solution as the precipitation proceeds and predicts the particle size
distribution. It assumes that all chemical reactions in solution are fast compared to the
change in solution temperature. The formnatism of this model is a mass balance on both the
metal, In*3, and hydroxide, OH", ions in solution which allows calculation at any time of
the supersaturation ratio, S, the driving force for precipitation. Various crystal growth
laws can be incorporated into the model, Comparison between maodel and experiment
shows 1) good agreement of the evolution of the particle size distribution, disuibution
width and light absorbance with time, 2) reasonable agreement of the indium concentration
in solution as a function of time and 3) poor agreement of the indium polymer
concentration in solution as a function of time. The richness of data provided by this
model gives valuable insight into the details of changes in solution complexation that are
responsible for precipitation of monodisperse particles in forced hydrolysis systems.
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