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Abstract 

The efficient separation of metal species from aqueous streams by precipitation techniques 
requires a fundamental understanding of the various processes that OCCUT during precipitation. 
These processes include particle nucleation, particle growth by solute deposition, agglomerate 
formation, and agglomerate break-up. The application of the population balance approach has 
been used to develop a kinetic model that accounts for these competing kinetic processes. The 
usefulness of the model is illustrated through its application to the precipitation of yttrium 
hydroxynitrate, YHN. The kinetic parameters calculated from the model equations and system- 
specific solution chemistry are used to describe several aspects of the effect of pH on the 
precipitation of the YHN. Implications with respect to the simultaneous precipitation of more 
than one cation type are also discussed through use of example systems. The effects of solution 
chemistry, precipitator design, and solvent choice are considered. 
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Introduction 

The application of precipitation technologies to the separation of metals from solution is widely 
used. Regardless of its application, be it in such diverse areas as the preparation of metal oxide 
powders for use in commercial products or as a unit operation in the removal of trace metals 
during wastewater clean up, the fundamental processes involved are the same. These processes 
include: nucleation from solution, either homogeneous or heterogeneous; growth from solution 
with chemical reaction either in solution or at the precipitate/solution interface; growth by particle 
agglomeration; and particle break-up by collisional or shear forces. The effectiveness of the 
operation and the properties of the precipitate formed, or “quality” of the product, are determined 
by the competing kinetics of the different processes. The kinetics of the processes, in turn, are 
determined by system-specific solution chemistries and the conditions used to carry out the 
precipitation operation. For example, generally, when system conditions are such that the 
supersaturation driving force for precipitation is very high, growth species normally do not have 
the time to organize themselves with a high degree of crystallographic order and the precipitate is 
amorphous. In this case nucleation rates are invariably extremely high and the primary 
mechanism for growth is the agglomeration of nuclei. Conversely, when the supersaturation 
levels for the same system are reduced, the kinetics of the nucleation and growth processes also 
are greatly reduced, and a crystalline precipitate can be formed, since the growth species have 
time to order on particle surfaces. 

Population balance modeling is one approach to modeling the kinetics of precipitation. This type 
of modeling, when coupled with system-specific speciation calculations provides a powerful 
method for understanding the fundamentals of a precipitation process. In this paper, we describe 
the development of a population balance-based kinetic model for the case of continuous 
precipitation in a stirred tank reactor system. The model is based on the assumption that the 
precipitate population in the reactor can be described by considering three types of particles: (1) 
primary particles, termed crystallites, (2) agglomerates of crystallites, termed aggregates, and 
(3) agglomerates of crystallites and aggregates, termed flocs. 

In this paper, model fits to experimentally determined population density data are reported for 
yttrium hydroxynitrate (YHN) precipitation runs where pH was varied. The variation of pH 
provides a convenient way of controlling the supersaturation driving force for hydroxide 
materials. In simple terms, the supersaturation driving force can be viewed as the magnitude of 
the ratio of precipitant concentration that is in solution during precipitation to that which would be 
in solution under equilibrium conditions. Since the equilibrium solubility of metal hydroxides 
are a strong function of hydroxyl concentration, the effects of varying supersaturation on 
precipitation kinetics can be obtained by simply carrying out precipitation experiments at different 
pH conditions. 

Several of the different kinetic parameters determined from the model fit to the experimental 
population density data are used to illustrate the usefulness of the model. The kinetics of 
crystallite nucleation and crystal growth are examined in conjunction with the solution chemistry 
of the yttrium hydroxynitrate system. Agglomerate formation and break-up is described with 
respect to the influence of crystallite morphology on the kinetics. Finally, there is a brief 
discussion of additional considerations required when investigating multi-cation systems. 

Model Development 

The equations that describe the kinetics of the continuous precipitation process are an extension 
of the three-particle population balance model developed by Burkhart et al. [l]. A separate 
population balance equation is used for each type of particle (Le., crystallites, aggregates, and 
flocs) resulting in a system of three partial differential equations. The basic assumptions of the 
model are no particles in the feed streams, perfect mixing, no product removal classification, 
uniform particle shape factors, and constant suspension holdup volume. In order to write the 
population balance equations, population density functions must be defined by the relation 

Njli = nj(L,t)ALi 



where Nj,i is the number of particles of type j per unit volume whose size is between Li and Li + 
mi, L is a characteristic dimension, and t is the time. The quantities nj(L,t) are the population 
density functions. 

Crystallite Balance 

Crystallites, the primary particles in the precipitate, are those formed by nucleation from solution. 
They are produced continuously at the critical nucleus size and grow by solute deposition on their 
surfaces. The dynamic population balance for the crystallites is 

where z is the residence time (defied as the quotient of the reactor volume, V, and the total 
volumetric flowrate Q), Gc is the size independent growth rate by solution deposition, and k, is 
the average agglomeration rate constant for crystallites agglomerating with aggregates and flocs. 
The terms in equation 2 represent from left to right: (1) differential accumulation, (2) differential 
growth by solute deposition, (3) loss by flow from the reactor, and (4) loss by agglomeration 
with aggregates and flocs. Under steady-state conditions, equation 2 has the solution, 

(3) o -(L-Lc,min)/G,T, n,(L) = n,e 

when integrated from the critical nucleus size, L c , h n  , to L, with 

2, = (1/z + kc)-’ 

where nz is the crystallite nuclei population density at L c , h n .  The quantity, z,, is the effective 
residence time of the crystallites in the precipitator. Since many of the crystallites undergo 
agglomeration, their average residence time as discreet particles is a function of conditions in the 
precipitator. 

Aggregate Balance 

Aggregates are agglomerates of the primary crystallites. The crystallite-crystallite aggregates are 
sufficiently strong that little or no aggregate break-up occurs in the precipitator. The size of the 
aggregate with respect to the scale of turbulent disruptive forces makes this assumption seem 
valid [2,3]. Aggregate growth is assumed to take place by two mechanisms - crystal growth by 
solute deposition, and collisional growth. For growth by solute deposition, the linear growth 
rate, G,, is the same as for crystal growth. For the aggregates, however, crystal growth was 
assumed to take place only on the surface of an equivalent sphere whose diameter is based on the 
total apparent volume, Va, of the aggregate. An expression for collisional growth was developed 
following the approach of Pentenate [4]. The volume rate of change of the apparent volume of 
an aggregate can be expressed in terms of its equivalent diameter , L, as 

where B(L,Cc) is the collision frequency function, Cfp is the ratio of total aggregate volume to 

the total volume of the aggregate mass, and Tc and cc are the volume and diameter of an 



average size crystallite, respectively. The collision frequency is proportional to the number 
concentration of the interacting particles of radii rl and r2, or 

where P(rl,r2) is the size dependent collision frequency factor and N(rl) and N(r2) are the 
number concentrations. The form of P(rl,r2) is dependent on the type of particle interactions 
being considered. These interactions can include Brownian (orthokinetic), turbulent 
(perikinetic), and whether or not electrostatic or steric effects need to be considered. For the 
hydrodynamic conditions of the reactor system used in this work and the precipitation process 
studied, conditions of isotropic turbulence were assumed and the following expression for P was 
used [5], 

P(r1,r2) = 1.67Vg(r1 +r2)3 (7) 
where Vg is the mean velocity gradient in the reactor (estimated to be 850 sec-’). Recognizing 

that L is much larger than Ec, the linear collisional growth rate, G,, is found by combining 
equations 5,6, and 7 and solving for G,, 

with 

dL 1.67 
dt 4n 

G, = - = -VgCfp Vc Nc,,L = K,,thmL 

1.67 
4n Ka,theo =- VgCfp V C  NC,, * (9) 

The quantity, is the aggregate collisional growth rate constant if the collision efficiency, 
a,, is assumed to be unity and if there is no electrostatic repulsion barrier present. The 
theoretical value of the collisional growth rate constant would be reduced when a,< 1 or if there 
are electrostatic barriers to inhibit particle-particle contact. The reduction due to electrostatic 

repulsion can be estimated by incorporating an average stability factor, W a  [6]. Therefore, a 
corrected collisional growth constant, one that can be estimated experimentally, is 

When this expression for the collisional growth of aggregates is included, the aggregate dynamic 
population balance is 

The second term in equation 11 represents the differential growth of an aggregate due to 
collisions with crystallites. The remaining terms have meanings similar to those in equation 2. 
The coefficient, k,, in the last term is the net loss-to-agglomeration rate constant for aggregates 
due to agglomeration with flocs. When the average minimum aggregate size is defined as 



where hv,c and h,,, are the size-invariant volume shape factors for crystallites and agglomerates, 

respectively, equation 11 can be integrated from L a , h n  to L, to give 

with 0, = 1 + 1 / zK, + k, / K, , where n: is the aggregate nuclei density. 

Floc Balance 

Flocs are formed by agglomeration of crystallites and aggregates. They are the largest particles 
in the precipitator, are less tightly bound together, and are subject to break-up by the shear forces 
in the precipitator. The dynamic population balance for the flocs is based on assumptions similar 
to those for the aggregates, but additional terms are included to account for floc birth, B, and 
death, D, by floc break-up. The dynamic population balance for flocs is given by the equation, 

The size-independent collisional growth constant, Kf, for the flocs is derived in a manner similar 
to that for q, and is expressed as 

with 

af 
Kf = -Kf,theo 

Wf 

where a, is the collision efficiency factor, Wf is the average stability factor, V a  is volume of an 
average aggregate, and N , ,  is the total number of aggregates per unit volume. 

The birth and death functions, B and D, in equation 14, may take different forms depending on 
the mechanism of floc breakage [7]. For the experimental work presented here, the population 
density distribution data were best fit for the case where flocs were assumed to break completely 
down into aggregates, Le., B = 0. The death function for this case has the form 

D(L,t) = kfL3n&,t) 

where kf is the size-independent floc breakage constant. The steady-state form of equation 14, 
when combined with equations 15 and 17 is 

(?L+l) dnf(L) dL +c( ;+Kf+kfL3  1 1 

When the average minimum floc size is expressed as 



where h,,f is the size-invariant volume shape factor for flocs, equation 18 can be integrated from 

i;f,min to L, to give 

with a = Kf/G,, b = lhG, +Kf/Gc, c = kf/G,, and where n:is the floc nuclei density. 

Overall Balance 

In order to have a closed system of equations which describe the kinetics of the precipitation 
process, a solute mass balance is needed. If it is assumed that the amount of mass lost to 
nucleation is negligible, the steady-state solute balance is 

where Ci, and Cout are the molar solute concentrations coming in and out of the reactor, 
respectively, and M, p, and ST are the molecular weight, density, and surface area per unit 
volume of the precipitate, respectively. The surface area per unit volume can be calculated by 
summing the second moments of the population density functions for the three particle types. 

Equation 20 places a constraint on the crystal growth rate, GC It defmes the relation between G, 
and the total surface area, ST, available for crystal growth in the precipitator so that the amount of 
solute deposited on the particle surfaces is equal to the solute lost from the mother liquor. By 
defining AC as (C, - CouJ, G, can be defined explicitly from equation 21 as 

2MAc G, =- 
pTsT 

Nucleation Kinetics 

The crystallite nucleation rate is of importance since it describes, along with the crystal growth 
rate, the size and distribution of crystallites. The crystallite nucleation rate is [7] 

If the crystal growth rate is assumed to be a simple function of supersaturation [7], then it can be 
related to G, by 

B, = k’GCiMTJ’ 

where k’ is a temperature-dependent constant, i is a temperature-independent order of 
nucleation, MT is the precipitate suspension density, and j is a suspension density order of 
nucleation. This equation is widely used to model continuous crystallizers [SI. 



Exwrimental 

The precipitation reactor system used in this work was designed after a unit whose crystal size 
distribution has been shown to conform to the mixed-suspension mixed-product removal, 
MSMPR, concept [SI. MSMPR reactor systems are designed to insure that the basic assumptions 
of the precipitation model are obeyed. 

The system used in this study consisted of a two line reactant feed system, a precipitation reactor, 
and a product removal system. Reactants were fed to the precipitator by peristaltic pumps. 
Small particles were removed from the feed lines by a series of in-line 0.2 pn fiiters. The 
precipitation reactor was a curved bottom borosilicate glass vessel, the dimensions of which are 
shown in Figure 1. A baffled, stainless steel draft tube (shown in Figure 1) was fitted in the 
vessel to provide a uniform toroidal flow to keep the precipitate particles suspended and to 
minimize dead volume. The reactor contained feed input tubes, a thermometer, an impeller, a 
product removal system, a product removal tube, and pH electrodes. 
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Figure 1 - Precipitation reactor: a) glass precipitation vessel designed to promote 
uniform flow and b) stainless draft tube and baffles used to create 
toroidal flow pattern in the precipitator. 

The intermittent product removal system was specially designed to insure isokinetic flow of the 
suspension into the product removal tube, thus preventing size classification of the particles as 
they were withdrawn. The average suspension volume in the precipitator was kept at 2 liters, 
with 10% of the suspension removed during each product removal cycle. 

The model developed in the previous section was applied to the aqueous, continuous 
precipitation of yttrium hydroxynitrate. Below, the reaction for the formation of YHN is given, 
along with experimental conditions. 

2y3+ 
Feed 1 = Y(N03)3 
Q = 134 mVrmn. 
[Y3'] = 0.03 M 

>Y2(OH)5N03 H 2 0  \1 (25) z=13min. 

M, = 4.2g/l 
T = 24°C 

+ 50H- + NO; 
Feed 2 = NH,OH 
Q = 20 mVrmn. 

[OH-] = 0.58 -1.10 M RFMR = 2.9 - 5.5 



The quantity labeled RFMR refers to what is defmed as the reactant feed mole ratio, that is the 
ratio of precipitant (OH-) to reactant (Y”) that is added to the reactor. This quantity is a more 
convenient way of expressing results than pH, since it is a linear scale. 

The most critical measurement for application of the precipitation model is the experimental 
determination of steady-state population density distributions. Experimental population density 
distributions (PDD’s) were measured through a combination of automated image analysis of 
transmission electron microscope (TEM) photomicrographs and a Coulter counter, Model TA-II 
with population accessory, particle size analyzer. During precipitation runs, particle size 
distribution data was obtained using the Coulter counter. Steady-state operation of the 
precipitator was considered to exist when the measured population densities no longer changed 
from sample to sample. This normally occurred after 8 to 12 residence times. Once steady-state 
was reached, the product was collected and filtered, the filtrate was saved for [Y”] analysis, and 
zeta-potential measurements were made on the mother liquor suspension. 

The Coulter counter, which operates on the zone-sensing principle, is ideal for determination of 
PDD’s. Its output is generated in the form of number of particles in a given particle size range 
per unit volume of suspension analyzed and was converted to PDD’s using the relation 

where Ei is the average equivalent spherical diameter of channel i, D is the dilution factor, Ni is 
the number of particles counted in channel i, Li is the equivalent spherical diameter at the 
threshold of channel i, and Vc is the volume of sample analyzed. A 50 pm aperture was used to 
obtain particle size information over the size range of 0.7 pm to 14 pm. This data was combined 
with data obtained using a 200 pm aperture which covered the size range from 3.6 pm to 57 pm. 

Particle size distributions discussed to this point were obtained with the Coulter counter. 
However, the primary particles (crystallites) were too small to be measured with this instrument. 
The size distributions of these small particles were measured by carefully dispersing a sample of 
dried precipitate powder in ethanol, sonicating the suspension, and placing a small drop of the 
ethanol-powder suspension on carbon coated transmission electron microscope (TEM) grid. By 
carefklly blotting the drop, a well dispersed layer of particles was left on the grid. Particle size 
data obtained from TEM micrographs were combined with the Coulter data to obtain the entire 
population density distribution. 

The crystallites in the YHN precipitates were platelet-shaped. The equivalent circular diameter 
of these platelets was taken as their characteristic dimension. To obtain the surface area and 
volume size-independent shape factors, the relationship between crystallite diameter and 
thickness was needed. Analysis of shadow lengths cast by vacuum evaporation of germanium 
(angle equal to 7” to 14”) onto E M  grids with dispersed powder samples was used to obtain the 
crystallite-to-diameter ratio, dJd,, 

Results and Discussion 

The concept that the precipitate consisted of three types of particles - crystallites, aggregates, and 
flocs pervades the following discussion. To illustrate the three-particle concept, Figure 2 shows 
scanning electron microscope (SEW images of precipitate structures at three different pH 
conditions. The low pH sample shows what would be considered a floc of -9 pm in size. The 
floc is composed of subunits of agglomerated particles, aggregates, whose size varies from about 
1 pm to about 4 pm. The aggregate subunits, in turn, are composed of primary particles or 
crystallites with the previously discussed platelet morphology. 



Figure2- SEM photomicrographs illustrating the presence of two types of 
agglomerates (aggregates and flocs) in the YHN precipitates, and the 
change in precipitate morphology with increasing pH [a - pH = 7.92, b - 
pH = 8.68, and c- pH = 9.081. 

The figure also illustrates the dramatic effect pH (WMR) has on precipitate morphology and 
structure. The higher pH samples, although maintaining the three-particle structure (primary 
particles are too small to be seen at the magnification shown), have denser agglomerates and 
much finer crystallite sizes. Because of its dramatic influence on the precipitation process, the 
pH of the suspension was the primary variable studied. Run pH is a measure of the degree of 
supersaturation in the precipitator. Supersaturation, in turn, determines the relative importance of 
nucleation and crystal growth, and controls the number, size, and morphology of the crystallites 
formed. The pH is also a measure of the tendency of primary particles to agglomerate. Below, 
the effect of pH on the kinetic behavior of the yttrium hydroxynitrate system and the properties of 
the YHN precipitates are explored using several examples of the information calculated from the 
model equations and the system specific solution chemistry. 

Yttrium Hvdroxvnitrate PreciDitation Kinetics 

For each precipitation run, the constants in the three-particle model of the precipitation process 
were determined from the experimental population density data. Briefly, the process began by 
finding a least-squares polynomial fit to the data. The total specific surface area of the 
precipitate, obtained as the second moment of the polynomial equation, was then used in the 
overall mass balance on the precipitator (equation 22) to find an initial estimate of the crystal 
growth rate, G,. With this value of G,, first estimates of the parameters in the analytical 
expressions for the flocs (equation 20), the aggregates (equation 13), and the crystallites 
(equation 3) were obtained from a least-squares fit of these equations to their respective portions 
of the population density distribution data. 

An iteration procedure was used to refine the calculations. Using the initial parameter estimates 
for the analytical equations, a new estimate of the total surface area was calculated as the sum of 
the second moments of these equations. The new value of total surface area was used to find a 
better estimate of G,, after which new estimates of the parameters in the analytical equations were 
found. The iteration procedure continued until there was no substantial improvement in the value 
of G,. For a complete discussion of experimental procedures, characterization methods 
employed, and the model fitting procedure, see Reference 10. 

Properties of the Population Density Distributions Figure 3 shows the results of the fitting 
procedure for a precipitation run at pH 8.8. The dotted lines represent the density distributions 
of each of the three different types of particles; the solid line is the sum of the three, or the total 
distribution. 
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Figure 3 - The fit of the model to the experimental distribution data from the run at 

pH = 8.8. 

To better visualize the distribution of sizes for the three types of particles, the third moment of the 
calculated distributions shown in Figure 3 are presented in Figure 4. The figure shows that the 
crystallites were less that 0.1 pm in size, the aggregates ranged from 0.1 pm to 1 .O pm and the 
flocs fell in the 1 pm to 30 pm size range. The figure illustrates the power of moment analysis in 
visualizing, in this case, the distribution of volume of the precipitate during its formation. Table I 
contains a summary of the moment analysis of the density distributions calculated for the pH = 
8.8 run. 

Table I Summary of Results of Moment Calculations for pH = 8.80 Run 
d Numbera Surface k e a b  Volumec Ave. Size 

(% of total) (% of total) (% of total) (Po 
Crystallites 97.8 9.2 0.03 0.012 
Aggregates 2.1 17.4 1.1 0.10 
Flocs 0.1 73.4 98.9 1 .oo 

I Total 1 . 0 4 ~  10' 'cme3 1.73x10~pm~cm-~ 7. lcm3i' 

a 

b 
Calc. from zeroeth moment of PDD. 
Calc. from second moment of PDD. 
Calc. from third moment of PDD. 
Number average diameter - first moment of PDD/zeroeth moment of PDD. 

C 

d 

The data in Table I shows that different precipitate properties are dominated by different particle 
types. For example, in terms of numbers of particles, the crystallites dominate, while in terms of 
volume or mass of precipitate, flocs contribute by far the greatest share. 
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Figure 4 - Normalized volume density distributions for pH = 8.80 run. 

Crystal Growth and Nucleation. Crystal growth rates were calculated from equation 22, using 
the second moments of the distributions to obtain the surface area available for solute deposition. 
Since a large portion of this surface area was contributed by the agglomerated particles, it was 
not possible to determine which crystal faces were exposed and growing. Therefore, the 
characteristic diameter of the crystallite particles was taken to be the platelet diameter and the 
calculated growth rate, G,, was assumed to be the linear growth of this dimension. A plot of G, 
versus precipitation pH (RFMR) is shown in Figure 5. The data shows a general trend of the 
growth rate increasing with pH, with a discontinuity at a pH of about 8.9. The trend in G, and 
the discontinuity are a consequence of the system solution chemistry. 

Normally, the crystal growth rate is directly proportional to the supersaturation level raised to 
some power [ll]. To examine the supersaturation as a function of pH for the yttrium 
hydroxynitrate system, consider the predicted solubility of ?' as a function of pH as shown in 
Figure 6.  The pairs of numbers in the figure correspond, respectively, to the number of yttrium 
ions and hydroxide ions present in the various complexes that may be formed (e.g., 3,5 refers to 
Y3(OH),4'). The dark curve is the sum of these different species, or the total concentration of 
dissolved yttrium. Also shown in this figure are the results of yttrium analyses on the filtrates 
from the continuous precipitation runs. These values were used to estimate the total yttrium 
solubility in the precipitator at each pH. From the figure, the experimentally determined 
concentrations follow the same trend as the calculated values. The shift of the experimental 
values to higher pH values is due to the presence of nitrate which probably results in the 
formation of nitrate containing yttrium species. The stability constants used to calculate the 
yttrium species concentrations were determined in perchlorate solutions, a commonly used non- 
complexing anion [ 121. 
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Figure 6 - Contributions of various species to the solubility of yttrium assuming an 
ionic strength of one (constructed using stability constants found in Baes 
and Mesmer[l2]). 

The true value of supersaturation in the precipitator is a difficult quantity to calculate. At steady- 
state, the value will be controlled by the nucleation rate and the crystal growth that is taking 
place. The supersaturation driving force, or supersaturation ratio, can be viewed as the ratio 
yttrium in solution during precipitation, c, to the yttrium concentration when the precipitate slurry 
is saturated, defined as c,. The saturated values, c,, were assumed to be those measured for the 
filtrates. Over the pH range studied, the value of c, decreased by nearly four orders of 



magnitude, as shown in Figure 6. Therefore, the level of supersaturation over this pH range 
significantly increases with increasing pH. This result is consistent with the trend in the crystal 
growth rate shown in Figure 5. 

The unexpected discontinuity in G, at pH = 8.9 can be understood through a closer examination 
of the system solution chemistry. As explained in detail elsewhere [13], the pH of the 
discontinuity occurs where s ciation calculations predict that the dominate yttrium complex in 
solution becomes Y3(OH)5 under supersaturated conditions. This polynuclear yttrium 
complex apparently modifies the growth kinetics such that they mimic a reduction in the effective 
supersaturation ratio. It is postulated that the large yttrium hydrolysis product modifies the 
surface of growing crystals, thus reducing crystal growth. This conclusion is supported by a 
significant increase in the magnitude of the positive zeta-potential at this pH. The more positive 
value is indicative of a more positive surface charge due to preferential adsorption of the 
Y~(oH),~’  complex. 

E 

The three runs below a pH of 8.9 had the lowest levels of supersaturation and their calculated 
kinetic parameters conformed to “n~rmal’~ crystal growth and nucleation kinetics. The log of the 
experimental crystallite population density distribution is plotted versus particle diameter for each 
run in Figure 7. Also plotted is the model fit to each distribution, as given by equation 3. Figure 
7 shows that the slopes, -G,z,, of the predicted distributions became progressively more 

negative, and the y-intercepts (nz for Lc,min = 0) increased as the pH was raised form 7.9 to 
8.8. Similar results are found in continuous crystallizers when the supersaturation 
increased by decreasing the residence time [7]. 
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Figure 7 - Experimental crystallite population density distributions and the best fit 
distributions for the runs at low pH. 

The log-log relationship between the crystal nucleation rate and the crystal growth rate, shown in 
Figure 8a, was also in agreement with the normal crystal nucleation kinetics described by 



equation 24 for constant suspension density, MT For these three runs, the nucleation equation 
is, 

(27) 
27.6 5.1 B,= 10 G, 

The results of Wey et al. [14] for the precipitation of silver bromide are also shown in Figure Sa. 
The results compare very favorably for a substance with approximately the same solubility. The 
kinetic order for nucleation was 5.1 for yttrium hydroxynitrate and 4.0 for the silver bromide. 
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Figure 8 - Crystallite nucleation rate (B,) versus crystal growth (G,J for: a) low pH 
runs - including the results of Wey et al. [14] for the precipitation of 
AgBr; and b) all runs (numbers are in order of increasing pH). 

The crystal nucleation rates and crystal growth rates for all the runs in which pH was the only 
variable are plotted in Figure Sb. They are numbered in order of increasing pH. The decrease in 
the nucleation and growth rates resulting from the change in the growth kinetics at a pH of 8.9 is 
clearly evident. 

Beyond a pH of 9.08, the calculated growth rate continued to increase, but the apparent 
nucleation rate decreased. It was also at this point that a rapid decrease in the structural order of 
the precipitate was found by x-ray diffraction [13]. The reason for the loss in crystallinity and 
the decrease in the nucleation rate is related to the high supersaturation. As supersaturation 
increases, classical nucleation theory predicts that the size of a critical nucleus should become 
smaller [ 151; it has been suggested that at very high supersaturations it may become smaller than 
the unit cell of the crystal [16]. In this case, particle growth by solute deposition may actually be 
considered an aggregation process, the growth units being of the same order of magnitude as the 
critical nuclei. This type of growth results in precipitates of low crystalline order, since the 
growth units are incorporated into the growing surfaces with little preferential orientation [16]. 
At pH levels greater than about 9.1 , it is possible that the supersaturation increased to the point 
where this type of aggregational growth became the dominant mechanism in the yttrium 
hydroxynitrate system. This nucleation and growth mechanism would explain the low structural 



order of the crystallites and also the decrease in the nucleation rate; many of the nuclei formed 
would have been consumed in crystal growth. 

The crystallite size distribution is a function of the crystal growth rate and the residence time 
distribution of the crystallites in the precipitator. For those runs in which only the pH was 
varied, the superficial residence time, z = V/Q, was 780 seconds. However, agglomeration in 
the precipitator removed many of the crystallites from contact with the mother liquor before they 
left in the product stream. The effective residence time, z,, of the crystallites, calculated using 
equation 4, and plotted in Figure 9, ranged from 163 seconds at low pH to only 11 seconds at 
high pH. 

103 

n 
0 
Q) 
v) v 

10 

0 

6. 
’‘“0. 

103 

Q 
102O3 rc 

I I I I I10 
2 3 4 5 6 

RFMR (0H:Y) 

8 8.5 9 9.5 
I 1 1 I 

PH 
Figure 9 - Comparison of the crystallite effective residence time (zd to the crystallite 

diameter-to-thickness ratio (d$J as function of pH. 

Also plotted in Figure 9 is the crystallite The strong 
correlation between ze and d$,, shows that crystallite geometry influenced the effective residence 
time of the crystallites. The more equiaxed particles formed at high pH likely gave rise to a 
higher collision rate andor a higher collision efficiency. There is a greater contact area per unit 
mass when these particles collide and stronger bonds are formed. 

diameter-to-thickness ratio (dJtc). 

&glomerated Particles The rate at which agglomerated particles (aggregates and flocs) grow, 
and their resulting structural properties, are a function of many interacting processes. They may 
increase in size by collisional growth with smaller particles and also by solute deposition on the 
surfaces (crystal growth). Collisional growth is a function of both the number of collisions and 
the collision efficiency, or the fraction of collisions that lead to a permanent particle-particle 
bond. 



In the kinetic model, the collisional growth process is characterized by the magnitude of the 
collisional growth rate constants for the aggregate, &, and for the flocs, Kp The values of these 
constants versus run pH are plotted in Figure 10. For the aggregates, the volumetric growth rate 
by collision with crystallites increased with pH, as shown by the increase in K,, up to a pH of 
8.9. Manifested by the change crystal growth mechanism, a discontinuity again occurred at this 
pH as K, suddenly decreased, after which it continued to increase again at higher pH values. 
Comparison of the trend in K, to that of the crystallite diameter-to-thickness ratio (Figure 9) 
shows an inverse relationship. The reason for this relationship is the same as that given for the 
dependence of the crystallite effective residence time on d& 
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flocs (Kf) as a function of run pH. 

The rate constants for flocs (Figure 10) decreased with increasing pH. The cardhouse flocs 
formed at low pH (Figure 2a) have the highest collisional growth rate. Theoretical analysis of an 
average size floc (2 pm) interacting with either an average size crystallite (0.02 pm) or an average 
size aggregate (0.1 pm) showed that turbulent interactions should dominate over Brownian 
interactions [lo]. This analysis and the fact that SEM photomicrographs showed that the 
aggregates and the flocs tended to be quite spherical, as assumed in the calculations, makes the 
assumption that floc growth was a result of turbulent-induced collisions seem reasonable. 

The type of growth - solute deposition or collisional growth - that dominates for a given 
agglomerated particle type will greatly influence its physical characteristics. For example, when 
highly porous -type agglomerates are favored, as in the low pH runs, the low crystallite- 
crystallite contact area causes little particle “welding” when solute deposition takes place. On the 
other hand, for the high pH runs, the preferred particle habit is such that dense agglomerates are 
formed with large amounts of crystallite-crystallite contact. In this case, additional growth by 
solute deposition will cause significant particle welding. 



These effects also influence the strength of floc, and this is reflected in the magnitude of the floc 
breakage rate constant, kf, plotted as function of pH in Figure 11. The weaker flocs (large kf) 
are those composed of less equiaxed primary particles, as can be seen from the similar variation 
of the crystallite diameter-to-thickness ratio with pH (Figure 9). 
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Multi-Cation Systems 

The controlled, simultaneous precipitation of different metal cations from a single solution 
requires a thorough understanding of system solution chemistry. Depending the mix of metal 
cations that are to be removed, different strategies are often necessary to simultaneously remove 
then from solution. Below, examples are discussed to illustrate the important role solution 
chemistry, reactor design, surfactants, and the choice of solvent play in simultaneous co- 
precipitation processes. 

Solution Chemistry Consider the formation of a yttrium, barium, and copper co-precipitate; a 
metal cation combination of interest for use in preparation of the high temperature 
superconductor, YBazCu30,. Based on the previous discussion of the preparation of yttrium 
hydroxynitrate, precipitabon through addition of ammonium hydroxide to an aqueous solution of 
the metal nitrates of yttrium, barium, and copper would seem a logical extension. However, 
modeling of the system solution chemistry reveals that barium hydroxide is much too soluble to 
be removed stoichiometrically. If carbonate is incorporated along with hydroxide as the 
precipitant system, speciation calculations reveal that Y, Ba, and Cu can be removed 
stoichiometrically as a mixture of hydroxycarbonates over a pH range of 10 to 11. 

Conversion of the hyrdroxycarbonate coprecipitate to the desired oxide form requires that the 
precipitant and metal salt co-ions be thermally decomposed, in order to produce a contaminant- 
free product. Therefore, the pyrolyzable nitrate and ammonium species are appropriate co-ions 
for the metal salts and the hydroxide/carbonate precipitant, respectively. However, speciation 



calculations reveal that copper forms a stable amine complex in the desired pH range. To avoid 
this problem while maintaining stoichiometry control, a large, non-complexing, pyrolyzable 
precipitant co-ion such as tetramethyl ammonium can be used [17]. 

Reactor Desirrn and Surfactants In another project, it was desired to simultaneously co- 
precipitate Zn and small, controlled quantities of Mn, co, and Al to form a doped-ZnO precursor 
for use in high-field varistor applications. Again, the constraints on the system included the need 
for strict stoichiometry control and the use of pyrolyzable constituents in the process. In 
addition, it was necessary to control the particle size of the precipitate in order that the resulting 
powder could be processed into a fine-grained ceramic. As one part of this project, a continuous 
precipitation process was developed as an extension of an oxalate-based, two-step batch process 
developed by Dosch and co-workers [18]. In order to increase the nucleation rate of the oxalate 
precipitation process, a metal nitrate solution and an oxalate precipitant solution were 
continuously fed into an ultrasonic mixing '7'" that acted as a mini-nucleator. The nucleation 
rates were much too low if the solutions were fed directly into a stirred tank reactor. 

The particle size was further reduced through the use of surfactants. Poly(acrylic) acid (PAA) 
was added to the zinc feed solution in low levels to act as an oxalate growth inhibitor [19]. 
Figure 12 illustrates the effect low levels of PAA have on reducing the particle size of 
continuously precipitated zinc oxalate. The figure shows that the addition of 64 ppm of 2,000 
M.W. PAA greatly reduced the size of the oxalate precipitate relative to the precipitate formed 
with no surfactant present. The figure also shows that high molecular weight PAA (64 ppm, 
250,000 M.W.) increases the oxalate particle size by inducing agglomerate formation. 
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Figure 12 - Effect of poly(acrylic) acid (PAA) concentration on continuously 
precipitated zinc oxalate mass distribution (after Ref. 19). 

Solvent Svstem The stoichiometric removal of alkali metal species from aqueous solution is very 
difficult due the high solubility of the complexes they form with many commonly used 
precipitants, such as hydroxides, carbonates, oxalates, etc. To circumvent this problem, 
alternate solvent systems can be used. For example, consider preparation of controlled 
stoichiometry lithium manganese oxide precursors; the precursors were required for a battery 
cathode development project. Lithium and manganese nitrate are soluble in methanol, as is the 
precipitant tetramethyl ammonium oxalate. The mixing of these two solutions produces a 
controlled stoichiometry lithium manganese oxalate coprecipitate [20]. 



summarv 

In summary, a population balance-based kinetic model of continuous precipitation in a stirred 
tank reactor was described. The model assumed that the precipitate was composed of three 
particle types - crystallites, aggregates and flocs. Application of the model to the continuous 
precipitation of yttrium hydroxynitrate was used to illustrate its utility in understanding the 
fundamentals of a specific precipitation process. The model along with speciation calculations 
were used to explain the nucleation, growth, and agglomeration behavior of yttrium 
hydroxynitrate as a function of pH. A more complete discussion of the model and its application 
to the YHN system, with emphasis on precipitate properties, can be found in Ref. 21. The 
reference contains, in addition to a similar section on model development, a detailed discussion 
of the interrelationship between precipitation kinetics, solution chemistry, and precipitation 
properties including filterability, surface area, thermal decomposition behavior, and calcination 
behavior. Finally, the additional requirements necessary when attempting precipitation 
operations in multi-cation systems were discussed. 
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