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ABSTRACT 
A simple mathematical model of the co-precipitation of Ni-Mn-Co hydroxides is developed and 
applied to investigate the effect of pH, initial concentration of ammonia in the solution, concentra-
tion of the ammonia feed, nucleation rate constant and exponent, growth rate constant and growth 
exponent over the model output. The model is shown to produce a correct representation of the 
precipitation variables, and the general trends obtained for different sets of parameters are found 
in agreement with results presented elsewhere. A sensitivity analysis is carried out and the sensi-
tivity indices are calculated. It is found that pH, initial concentration of ammonia and growth rate 
constant are the input parameters with the most relevant effect over the model input.  
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INTRODUCTION 
As the world transitions to cleaner energy sources 

like solar and wind, which are inherently intermittent, lith-
ium-ion batteries have emerged as a suitable solution 
due to their high energy density, versatility, and long cy-
cle life. Li-ion batteries excel in storing excess energy 
generated during periods of high production and releas-
ing it when supply falls short, enabling a stable and relia-
ble energy supply. Widely used in portable electronics, 
electric vehicles, and stationary energy storage systems 
[1-4], lithium-ion batteries also play a pivotal role in the 
electrification of transportation, significantly reducing re-
liance on fossil fuels and lowering greenhouse gas emis-
sions. Their integration into energy systems not only fa-
cilitates the adoption of renewable energy but also sup-
ports global efforts to achieve net-zero carbon goals. By 
bridging the gap between energy production and con-
sumption, lithium-ion batteries are indispensable in build-
ing a sustainable and resilient energy future. 

The widespread adoption of batteries in daily life 
faces significant challenges, particularly regarding per-
formance, cost, and sustainability. A key hurdle lies in op-
timizing cathode materials, which critically influence a 
battery’s energy density, lifespan, and overall efficiency 
[5, 6]. These properties are largely inherited from the 
chosen materials for cathode’s precursors and from the 

synthesis route, which determines relevant features of 
the particles such as their mean size, PSD, porosity and 
morphology.  

Ni-Mn-Co hydroxides can be synthesized by differ-
ent methods, e.g. solvo/hydrothermal, solid state, or co-
precipitation [5, 7, 8]. The latter involves the mixing of 
stoichiometric amounts of transition metal salts with a 
complexing agent (e.g. ammonia) and a precipitating 
agent (e.g. sodium hydroxide) under controlled reaction 
conditions to produce quasi-spherical particles and tailor 
the particle morphology and density. Key parameters to 
optimize such particle properties are the reaction envi-
ronment pH, stirring velocity, temperature and reaction 
time [5, 9, 10].  

The optimization of the parameters mentioned 
above can be troublesome, particularly because the pre-
cipitation environment is very scale-dependent and an 
observed behaviour at a lab facility might not be repro-
duced at an industrial precipitator, hence, following an 
experimental route may prove costly and ineffective [11]. 
To tackle this problem, it is useful to turn to mathematical 
models that can produce a fair representation of the phe-
nomena at a low cost. Because of that, in this investiga-
tion we develop a mathematical model of a semi-batch 
precipitator to study the effect of input parameters in the 
response of the model regarding the particle size distri-
bution (PSD), the supersaturation and the particle mean 
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sizes d4,3 and d3,2. A few studies regarding the modelling 
of co-precipitation of Ni-Mn-Co hydroxides are available 
in the open literature. Barai et al. [2] developed a multi-
scale model considering nucleation, growth and aggre-
gation of particles and simulated a continuous stirred 
tank crystallizer to study the effect of pH and ammonia 
concentration over the PSD and mean particle size. Shiea 
et al. [1] applied a CFD-PBE modelling approach to a 
multi-inlet vortex micromixer and simulated the effect of 
varying the flowrate and concentration of the feed, they 
reported a decrease in mean particle size as the feed 
concentration and flowrate increase. Para et al. [3] ap-
plied the same approach to simulate a similar system and 
fitted the model output to experimental datapoints of 
mean particle size. Mugumya et al. [12] investigated the 
co-precipitation of NMC111; their modelling work was lim-
ited to solving the equilibrium conditions and did not in-
clude any description of the formation and growth of 
crystals. Querio et al. [13] compared the computational 
performance of the CFD-PM approach versus a compart-
ment model and found that the latter approach render 
less accurate, yet less computationally expensive quali-
tatively correct predictions. In this work, we utilize a sim-
ple transient model of a semi-batch crystallizer to study 
the sensitivity of the response of the model to the varia-
tion of relevant operating parameters like pH and ammo-
nia concentration, but also to the changes of the kinetic 
parameters of crystal nucleation and growth. The intent 
of this work is to obtain a simple, representative model 
capable of producing a reliable output regarding PSD and 
particle size, which will be integrated in the context of a 
whole manufacturing plant model in future work. 

METHODS 

System description 
The system to be modelled is a stirred crystallizer 

operating in a semi-batch mode as illustrated in Figure 1. 
The crystallizer is initially charged with a solution of 
aqueous ammonia prepared according to the specifica-
tions outlined in Table 1. During the process, a 2M transi-
tion metal solution containing an 8:1:1 ratio of nickel, 
manganese and cobalt is gradually introduced into the 
reactor, along with a 10M sodium hydroxide solution and 
an aqueous ammonia solution with concentration varying 
from 1.14 – 5.7M. The operating parameters of the crys-
tallizer are summarized in Table 1. 

Model assumptions. 
The development of the crystallizer model is based 

on the following key assumptions, which simplify the rep-
resentation of the system while maintaining its relevance 
to practical applications: 

 

 

Figure 1. Schematic representation of the modelled 
crystallyzer. 

Table 1: Operating conditions of the crystallizer. 

Param Description Value 
𝑇𝑇 Temperature °C 
𝜔𝜔 Stirring velocity  rpm 
𝑉𝑉0 Initial solution volume  m 

[𝑇𝑇𝑇𝑇] Molar concentration of 
the transition metal so-
lution 

M 

[𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁] Molar concentration of 
the precipitating agent 

M 

𝑄𝑄𝑇𝑇𝑇𝑇 TM solution volumetric 
flowrate 

x- m h- 

𝑄𝑄𝑎𝑎 Chelating agent sol 
volumetric flowrate 

x- m h- 

𝑄𝑄𝑝𝑝 Precipitating agent sol 
volumetric flowrate 

x- m h- 

𝑡𝑡𝑎𝑎 Reagent addition time h 
 

1. Crystal particles are modeled as having spheri-
cal geometries to streamline the mathematical 
treatment of shape-dependent phenomena. 

2. The formation of transition metal hydroxides is 
considered negligible. The primary reaction 
pathway is assumed to involve the formation of 
transition metal ion complexes, followed by their 
conversion into combined transition metal hy-
droxides. 

3. The reaction rates for both ionic complex for-
mation and hydroxide formation are assumed to 
be fast. As a result, the rate-controlling pro-
cesses are the nucleation and growth of crystals. 

4. Aggregation and breakage of crystals are ne-
glected, focusing the model on the nucleation 
and growth mechanisms. 

5. The crystallizer is assumed to operate isother-
mally, with a consistent and uniform temperature 
maintained throughout the process. 

6. It is assumed that no seed crystals are present 
in the feed entering the crystallizer. 
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Model development. 
The particle size distribution is mathematically de-

scribed by the population balance equation (PBE). For a 
semi-batch crystallizer, the PBE is [14]: 

𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝐺𝐺 𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0    (1) 

Where 𝑉𝑉 is the crystallizer volume, 𝑛𝑛 is the number 
density, 𝑡𝑡 is the batch time, 𝐿𝐿 is the crystal size and 𝐺𝐺 is 
the crystal growth rate. Equation (1) neglects the agglom-
eration and breakage of particles in the crystallizer. Since 
the crystallization process starts from a clear solution, 
the following initial condition applies to Equation (1): 

𝑛𝑛(0, 𝐿𝐿) = 0     (2) 

 Additionally, the following boundary condition is 
applied depending on the level of supersaturation of the 
desired product in the crystallizer: 

𝑛𝑛(𝑡𝑡, 0) = �
0 𝑖𝑖𝑖𝑖 𝑆𝑆 ≤ 1
𝐵𝐵
𝐺𝐺

 𝑖𝑖𝑖𝑖 𝑆𝑆 > 1    (3) 

Where 𝑆𝑆 is the supersaturation and 𝐵𝐵 is the nuclea-
tion rate; the supersaturation, and by extension the nu-
cleation and growth rates relate to the equilibrium con-
centration of the ions of nickel ([𝑁𝑁𝑁𝑁2+]𝑒𝑒𝑒𝑒), manganese 
([𝑀𝑀𝑀𝑀2+]𝑒𝑒𝑒𝑒), cobalt ([𝐶𝐶𝐶𝐶2+]𝑒𝑒𝑒𝑒), and hydroxyl ions ([𝑂𝑂𝑂𝑂−]) 
and are defined as: 

𝑆𝑆 = �
[𝑁𝑁𝑁𝑁2+]𝑒𝑒𝑒𝑒𝑥𝑥 [𝑀𝑀𝑀𝑀2+]𝑒𝑒𝑒𝑒

𝑦𝑦 [𝐶𝐶𝐶𝐶2+]𝑒𝑒𝑒𝑒𝑧𝑧 [𝑂𝑂𝑂𝑂−]𝑒𝑒𝑒𝑒2

𝐾𝐾𝑠𝑠𝑠𝑠
𝑁𝑁𝑁𝑁𝑥𝑥𝑀𝑀𝑀𝑀𝑦𝑦𝐶𝐶𝐶𝐶𝑧𝑧(𝑂𝑂𝑂𝑂)2 �

1
3�

  (4) 

𝐵𝐵 = 𝑘𝑘𝐵𝐵(𝑆𝑆 − 1)𝑏𝑏    (5) 

𝐺𝐺 = 𝑘𝑘𝐺𝐺(𝑆𝑆 − 1)𝑔𝑔    (6) 

 Where 𝑘𝑘𝐵𝐵 is the nucleation kinetic constant, 𝑘𝑘𝐺𝐺 is 
the growth kinetic constant, 𝑏𝑏 is the nucleation exponent, 
𝑔𝑔 is the growth exponent and the exponents 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 
are determined by the desired stoichiometry of the com-
bined hydroxide; for the case of NMC811, these values 
are 𝑥𝑥 = 0.8, 𝑦𝑦 = 0.1 and 𝑧𝑧 = 0.1. The equilibrium concen-
trations of the ionic species in the solution are calculated 
by solving the complex chemical equilibrium relationships 
expressed in Equations (7) – (13):  

[𝑁𝑁𝑁𝑁2+] = [𝑁𝑁𝑁𝑁2+]𝑒𝑒𝑒𝑒 + ∑ �𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)𝑛𝑛
2+�𝑒𝑒𝑒𝑒

6
𝑖𝑖=1  (7) 

[𝑀𝑀𝑀𝑀2+] = [𝑀𝑀𝑀𝑀2+]𝑒𝑒𝑒𝑒 + ∑ �𝑀𝑀𝑀𝑀(𝑁𝑁𝑁𝑁3)𝑛𝑛
2+�𝑒𝑒𝑒𝑒

4
𝑖𝑖=1  (8) 

[𝐶𝐶𝐶𝐶2+] = [𝐶𝐶𝐶𝐶2+]𝑒𝑒𝑒𝑒 + ∑ �𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁3)𝑛𝑛
2+�𝑒𝑒𝑒𝑒

6
𝑖𝑖=1  (9) 

[𝑁𝑁𝐻𝐻3] = [𝑁𝑁𝑁𝑁3]𝑒𝑒𝑒𝑒 + [𝑁𝑁𝑁𝑁4+]𝑒𝑒𝑒𝑒 + ∑ 𝑛𝑛�𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁3)𝑛𝑛
2+�𝑒𝑒𝑒𝑒

6
𝑛𝑛=1 +

∑ 𝑛𝑛�𝑀𝑀𝑀𝑀(𝑁𝑁𝑁𝑁3)𝑛𝑛
2+�𝑒𝑒𝑒𝑒

4
𝑛𝑛=1 + ∑ 𝑛𝑛�𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁3)𝑛𝑛

2+�𝑒𝑒𝑒𝑒
6
𝑛𝑛=1  (10) 

𝐾𝐾𝑛𝑛𝑀𝑀
2+ =

�𝑀𝑀(𝑁𝑁𝑁𝑁3)𝑛𝑛
2+�𝑒𝑒𝑒𝑒

[𝑀𝑀2+]𝑒𝑒𝑒𝑒[𝑁𝑁𝑁𝑁3]𝑒𝑒𝑒𝑒𝑛𝑛
    (11) 

𝐾𝐾𝑤𝑤 = [𝐻𝐻3𝑂𝑂+]𝑒𝑒𝑒𝑒[𝑂𝑂𝑂𝑂−]𝑒𝑒𝑒𝑒   (12) 

𝐾𝐾𝑏𝑏 =
[𝑁𝑁𝑁𝑁4+]𝑒𝑒𝑒𝑒[𝑂𝑂𝑂𝑂−]𝑒𝑒𝑒𝑒

[𝑁𝑁𝑁𝑁3]𝑒𝑒𝑒𝑒
    (13) 

Where the equilibrium constants of the coordination 
of transition metal ions with ammonia (𝐾𝐾𝑛𝑛𝑀𝑀

2+), the disso-
ciation of water (𝐾𝐾𝑤𝑤), and dissociation of ammonia (𝐾𝐾𝑏𝑏) 
are taken from [15]. To solve Equations (7) – (13) the total 
concentrations of nickel ([𝑁𝑁𝑁𝑁2+]), manganese ([𝑀𝑀𝑀𝑀2+]), 
cobalt ([𝐶𝐶𝐶𝐶2+]), and ammonia ([𝑁𝑁𝐻𝐻3]) are required; the 
concentration of these species evolve dynamically 
throughout the process and are given by:  

𝑑𝑑[𝑁𝑁𝑁𝑁2+]𝑉𝑉
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑡𝑡𝑡𝑡[𝑁𝑁𝑁𝑁2+]𝑖𝑖𝑖𝑖 −
0.8𝑉𝑉𝑘𝑘𝑣𝑣𝜌𝜌𝑐𝑐
𝑀𝑀𝑀𝑀𝑐𝑐

𝑑𝑑𝑚𝑚3

𝑑𝑑𝑑𝑑
  (14) 

𝑑𝑑[𝑀𝑀𝑀𝑀2+]𝑉𝑉
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑡𝑡𝑡𝑡[𝑀𝑀𝑀𝑀2+]𝑖𝑖𝑖𝑖 −
0.1𝑉𝑉𝑘𝑘𝑣𝑣𝜌𝜌𝑐𝑐
𝑀𝑀𝑀𝑀𝑐𝑐

𝑑𝑑𝑚𝑚3

𝑑𝑑𝑑𝑑
  (15) 

𝑑𝑑[𝐶𝐶𝐶𝐶2+]𝑉𝑉
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑡𝑡𝑡𝑡[𝐶𝐶𝐶𝐶2+]𝑖𝑖𝑖𝑖 −
0.1𝑉𝑉𝑘𝑘𝑣𝑣𝜌𝜌𝑐𝑐
𝑀𝑀𝑀𝑀𝑐𝑐

𝑑𝑑𝑚𝑚3

𝑑𝑑𝑑𝑑
  (16) 

𝑑𝑑[𝑆𝑆𝑆𝑆42−]𝑉𝑉
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑡𝑡𝑡𝑡[𝑆𝑆𝑆𝑆42−]𝑖𝑖𝑖𝑖   (17) 

𝑑𝑑[𝑁𝑁𝑁𝑁3]𝑉𝑉
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑎𝑎[𝑁𝑁𝑁𝑁3]𝑖𝑖𝑖𝑖    (18) 

𝑑𝑑[𝑁𝑁𝑁𝑁+]𝑉𝑉
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑝𝑝[𝑁𝑁𝑁𝑁+]𝑖𝑖𝑖𝑖    (19) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑠𝑠 + 𝑄𝑄𝑎𝑎 + 𝑄𝑄𝑝𝑝    (20) 

𝑑𝑑𝑚𝑚3

𝑑𝑑𝑑𝑑
= 3𝐺𝐺𝑚𝑚2     (21) 

𝑚𝑚2 = ∫ 𝑛𝑛∞
0 𝐿𝐿2𝑑𝑑𝑑𝑑     (22) 

Where 𝑄𝑄𝑠𝑠, 𝑄𝑄𝑎𝑎, and 𝑄𝑄𝑝𝑝 are the volumetric flowrates of 
transition metal solution, ammonia and precipitant agent; 
𝑘𝑘𝑣𝑣 is the volumetric factor, 𝜌𝜌𝑐𝑐 is the crystal density, 𝑀𝑀𝑀𝑀𝑐𝑐 
is the precipitate molecular weight, 𝑚𝑚2 and 𝑚𝑚3 are the 
second and third moments of the particle size distribu-
tion. 

Model solution. 
The model equations were implemented and solved 

using the method of lines in Aspen Custom Modeler. A 
total of 250 simulations were conducted, varying key pa-
rameters, including the initial concentration of ammonia, 
the ammonia concentration fed to the crystallizer, the so-
lution pH, and the crystallization kinetics parameters for 
crystal nucleation and growth. These variables were ran-
domly sampled using the Latin hypercube sampling 
method, ensuring efficient exploration of the parameter 
space within the ranges specified in Table 2. 

RESULTS 
The results of the simulation of four selected cases 

for key variables like supersaturation, mean particle sizes 
and particle size distribution are presented in Figures 2 
through 5. As mentioned before, the input parameters 
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utilized for these simulations were randomly sampled, 
and for quick reference are presented in Table 3. 

Table 2: Parameter ranges utilized to simulate the co-
precipitation of Ni-Mn-Co hydroxides. 

Param Description Value 
[𝑁𝑁𝑁𝑁3]𝑡𝑡=0 Initial ammonia conc –M 
[𝑁𝑁𝑁𝑁3]𝑖𝑖𝑖𝑖 Ammonia feed conc –M 
𝑝𝑝𝑝𝑝 Solution pH – 
𝑘𝑘𝐵𝐵 Nucleation constant – 
𝑏𝑏 Nucleation exponent – 
𝑘𝑘𝐺𝐺 Growth constant -–- 
𝑔𝑔 Growth exponent  –  

Table 3: Input parameters utilized to generate the results 
presented in this paper. 

Param Units (a) (b) (c) (d) 
[𝑁𝑁𝑁𝑁3]𝑡𝑡=0 mol m-     
[𝑁𝑁𝑁𝑁3]𝑖𝑖𝑖𝑖 mol m-     
𝑝𝑝𝑝𝑝 -     

𝑘𝑘𝐵𝐵𝑥𝑥10−6 m- h-     
𝑏𝑏 -     

𝑘𝑘𝐺𝐺𝑥𝑥1010 m h-     
𝑔𝑔 -     
  
Figure 2 presents multiple supersaturation profiles 

generated by the model using different sets of input pa-
rameters. As anticipated for a semi-batch system initially 
containing only one of the reacting species, the super-
saturation levels increase over time, reaching a peak be-
fore gradually declining until the end of the process. 

In all cases, an initial induction period is observed at 
the start of the run, marking the addition of reagents to 
the crystallizer. After this phase, supersaturation breaks 
through and builds up at a rate dictated by crystallization 
kinetics and reactant concentrations. The magnitude of 
supersaturation is determined by the availability of tran-
sition metal and hydroxyl ions in the solution [1], with the 
highest levels in Figure 2 corresponding to simulation 
cases with the highest pH. Conversely, the position of the 
supersaturation peak is influenced by crystallization ki-
netics, particularly the crystal growth rate, which governs 
how quickly reactants are consumed to form Ni-Mn-Co 
hydroxide crystals. 

Figures 3 and 4 are plots of the evolution of the vol-
ume-weighted mean size and the surface-weighted 
mean size, respectively. In both cases, the growth of the 
NMC particles breaks trough after 3 hours which coin-
cides with the development of the supersaturation 
curves discussed above. For Case (a), both the volume- 
and surface-weighted mean sizes seem to have an ini-
tially fast growth but then plateau at the lowest mean size 
of the four cases. Conversely, for case (c) the growth is 
sustained for longer, yielding the highest mean particle 
sizes among all of them. This behaviour seems obvious 

given the rapid decline of the supersaturation for case 
(a), which in turn renders a decline of the crystal growth 
rate. On the other hand, for case (c), even when the su-
persaturation does not reach very high values, its decline 
is less severe and, in addition, the value of the growth 
exponent magnifies the crystal growth rate. 

 
Figure 2. Supersaturation of Ni-Mn-Co hydroxide at 
different operating conditions of pH and ammonia 
concentration, and with different sets of kinetic 
parameters. 

 
Figure 3. Volume-weighted mean size of the selected 
numerical experiments simulated. 

 
Figure 4. Surface-weighted mean size of the selected 
numerical experiments simulated. 
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Figure 5 displays the particle size distribution (PSD) 
for simulation cases (a), (b), (c), and (d), highlighting the 
significant impact of varying input parameters. All PSD 
curves exhibit unimodal distributions skewed toward the 
smaller particle size range, with a decreasing coefficient 
of variation as pH increases. The coefficient of variation 
refers to the ‘width’ of the distribution and it reflects the 
degree of polydispersity in crystal size; in the results pre-
sented here, the most uniform product is achieved at pH 
11.5, albeit with the smallest particle size. The trends 
identified align with previous studies [2], albeit the opti-
mal pH condition depend upon the desired product to be 
synthesized [5]. 

Determining the importance of the input parameters 
is complex due to the interplay among factors both phys-
ically and in the mathematical model. To support the in-
vestigation of the relevance of the input parameters, the 
sensitivity indices were calculated and are presented in 
Table 4. This analysis was carried out considering the 
mean sizes d4,3 and d3,2 as the outputs of interest. By in-
specting the values summarized in Table 4, it is evident 
that the 𝑘𝑘𝐺𝐺, 𝑔𝑔, 𝑝𝑝𝑝𝑝 and [𝑁𝑁𝑁𝑁3]𝑡𝑡=0 have a strong influence 
over the output of the model. 

 
 
 

Table 4: Sensitivity indices of the investigated parame-
ters. 

Parameter Indices 
[𝑁𝑁𝑁𝑁3]𝑡𝑡=0  
[𝑁𝑁𝑁𝑁3]𝑖𝑖𝑖𝑖  
𝑝𝑝𝑝𝑝  
𝑘𝑘𝐵𝐵   
𝑏𝑏  
𝑘𝑘𝐺𝐺  
𝑔𝑔  

CONCLUSIONS 
A simple mathematical model of a semi-batch crys-

tallizer has been presented. The model has been solved 
by the method of lines utilizing the commercial solver 
contained in Aspen Custom Modeler® and applied to 
conduct a sensitivity and uncertainty analysis to verify 
the effect of pH and ammonia concentration, and the ki-
netics of nucleation and growth over the particle size dis-
tribution and mean particle sizes. 

Despite the simplicity of the model, it produces a fair 
representation of the precipitation variables, and the pre-
diction of relevant particle properties agrees with the ob-
servations of previous work conducted for this type of 
system. The model can be enhanced by incorporating the 

 
Figure 5: Particle size distribution (PSD) curves of selected numerical experiments simulated in this work. 
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aggregation/breakage phenomena into the PBE and by 
incorporating the thermal effects over the crystallization 
kinetics. 

The sensitivity analysis indices indicated that the 
crystallization of Ni-Mn-Co hydroxides with stoichiome-
try 0.8:0.1:0.1 is primarily sensitive to the growth kinetics, 
the solution pH and the initial concentration of ammonia. 
Less relevant is the kinetics of nucleation, whereas the 
concentration of ammonia feed seems to be irrelevant. 

FUTURE WORK 
The resulting model is to be improved by incorpo-

rating the agglomeration/breakage term to the popula-
tion balance. Similarly, the effect of temperature over the 
crystallization kinetics was not incorporated in this work, 
this is an important piece to enable a better understand-
ing and optimization of the process. This model will be 
used to conduct studies regarding the kinetics of crystal-
lization. 
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