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Abstract: In this work, the kinetic parameters, the degrees of initial supersaturation (S0 ) and the
profiles of supersaturation (S) were determined for the reactive crystallization of K2 SO4 from picromerite (K2 SO4 . MgSO4 . 6H2 O) and KCl. Different reaction temperatures between 5 and 45 ◦ C
were considered, and several process analytical techniques were applied. Along with the solution
temperature, the crystal chord length distribution (CLD) was continuously followed by an FBRM
probe, images of nucleation and growth events as well as the crystal morphology were captured, and
the absorbance of the solution was measured via ATR-FTIR spectroscopy. In addition, the ion concentrations were analyzed. It was found that S0 is inversely proportional to the reactive crystallization
temperature in the K+ , Mg2+ /Cl− , SO4 2− //H2 O system at 25 ◦ C, where S0 promotes nucleation and
crystal growth of K2 SO4 leading to a bimodal CLD. The CLD was converted to square-weighted
chord lengths for each S0 to determine the secondary nucleation rate (B), crystal growth rate (G),
and suspension density (MT ). By correlation, from primary nucleation rate (Bb ) and G with S0 , the
empirical parameters b = 3.61 and g = 4.61 were obtained as the order of primary nucleation and
growth, respectively. B versus G and MT were correlated to the reaction temperature providing the
rate constants of B and respective activation energy, E = 69.83 kJ·mol−1 . Finally, a general Equation
was derived that describes B with parameters KR = 13,810.8, i = 0.75 and j = 0.71. The K2 SO4 crystals
produced were of high purity, containing maximal 0.51 wt% Mg impurity, and were received with
~73% yield at 5 ◦ C.
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1. Introduction
Potassium is one of the three types of macronutrients [1]. Its natural sources are mineral salt deposits containing KCl in sylvinite or K2 SO4 in kainite or picromerite and natural
brines from salt flats such as Atacama-Chile [2,3] and Uyuni-Bolivia [4]. There are several
known and traditional methods to produce K2 SO4 as, for example, the reaction of KCl
with sulphate containing compounds such as H2 SO4 [5], Phosphogypsum in an NH4 OH
and isopropanol medium [6], Na2 SO4 [7,8], and (NH4 )2 SO4 [9], or from seawater [10] and
leonite or langbeinite minerals to produce intermediate picromerite by hydration and final
transformation to K2 SO4 [11].
Producing K2 SO4 from MgSO4 and KCl by reactive crystallization in an aqueous
solution involves the formation of picromerite and K2 SO4 , using the Jänecke projection
that describes the reactions via the phase diagram of the reciprocal quaternary system
K+ , Mg2+ /Cl− , SO4 2− //H2 O at 25 ◦ C [12]. The latter also allows estimating the proportions of reactants and products. Jannet et al. [12], Voigt [13], Fezei et al. [14], and
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Goncharik et al. [15] depict the reactive crystallization process based on the underlying
phase equilibria in two stages: first, the formation of picromerite and second, the generation
of K2 SO4 . The work mentioned above on the conversion processes and the K2 SO4 yield
improvement in a batch crystallizer do not explicitly consider the reactive crystallization
kinetics of K2 SO4 .
Crystallization is the first and most crucial step to produce, purify, and isolate high
purity products in batch and continuous processes, and batch crystallization is one of the
unit operations widely used in the chemical, pharmaceutical, and food industries [16,17].
However, batch crystallization has disadvantages associated with its control and, in particular batch-to-batch variability, expressed in terms of product purity, crystal morphology,
mean particle size, crystal size distribution (CSD), bulk density, filterability, and flow
properties of the dry solids that depend on the profile of supersaturation achieved during
the crystallization, drying, packaging, and transport process [18–20].
Therefore, to design the operating conditions with optimal control of a crystallizer, the
crystallization kinetics must first experimentally be determined based on the population
density [17]. This requires the collection of CSD data that directly relate the nucleation and
crystal growth events occurring simultaneously. Furthermore, new crystals can result from
two different nucleation mechanisms, classified as primary and secondary nucleation or a
combination of both [18].
Nemdili et al. [21], Bari et al. [22], and Luo et al. [23] measured the metastable zone
width (MSZW) of a K2 SO4 -water solution by means of a turbidimeter and an ultrasonic
probe and used an ultrasonic and Focused Beam Reflectance Measurement (FBRM) probe,
respectively, to determine mainly the primary nucleation parameters. Bari and Pandit [24]
simulated the order and the primary and secondary nucleation constants of K2 SO4 using
the gPROMS program and data from MSZW. Luo et al. [23] concluded that the MSZW of
the potassium sulfate solution increases with the increasing concentration of aluminium
and silicon ions as impurities because they suppress nucleation and block the active sites
of K2 SO4 crystals. They reported a nucleation activation energy of 33.99 kJ·mol−1 .
In relation to the K2 SO4 growth kinetics, Nemdili et al. [21] determined the desupersaturation curve of a K2 SO4 -H2 O solution when cooling from 40 to 27 ◦ C and using
a seed size of 250–355 µm. They derived the order of growth and concluded that growth
occurs via the spiral growth mechanism. Gougazeh et al. [25] investigated the growth
kinetics of a K2 SO4 single crystal under a microscope analyzing the obtained images. They
concluded that the order of growth is not affected by temperature, and the single crystal
growth is governed by the spiral growth mechanism. They specified the activation energy
of growth as 39.4 kJ·mol−1 and claimed that the presence of 5 ppm Cr3+ blocks the active
growth sites of K2 SO4 . Kubota et al. [26] confirmed this mechanism leading to suppressed
growth. Mullin and Gaska [27] determined the growth kinetics of a K2 SO4 single crystal in
two selected directions, width (001) and length (100), finding that the linear growth rate
is greater for axis 001 and minor for axis 100, due to flow effects of the supersaturated
aqueous solution circulating through the cell. Furthermore, they reported that crystal
growth of K2 SO4 under the conditions used is diffusion-controlled.
Secondary nucleation occurs in the presence of “father” crystals and their interaction
with themselves, the crystallizer walls, and the agitator. It results from seeding, presence of
dendrites, breakage, and fluid shear forces according to mechanical, hydrodynamic, and
supersaturation forces. In industry, secondary nucleation is the mechanism that governs the
crystallization of soluble substances from a singular solute solution (e.g., salt-water) [28].
Chianese et al. [29] studied the effect of secondary nucleation on CSD for the K2 SO4 H2 O system in a seeded batch crystallizer. They found that the generation of fragments
depends on suspension density and supersaturation. They incorporated the effects of
secondary nucleation due to attrition in their model and established that the model does not
predict the experimental behaviour at all. Mohamed et al. [30] simultaneously determined
the kinetic parameters of secondary nucleation and growth of K2 SO4 in its aqueous solution
with seeding based on the population density data. They performed the population balance
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and solved the population equilibrium Equation using the “s” plane analysis method. They
correlated the magma density (MT ), growth rate (G), solution circulation rate (Q), and
absolute temperature (T). They reported the relative parameters of secondary nucleation
rate (B) according to the model B = KR Gi MT j Qk exp(-E⁄RT) with values of relative kinetic
order, i = 0.90, exponent of magma density, j = 0.57, exponent of solution circulation rate,
k = 1.49, and apparent secondary nucleation activation energy, E = −3.36 kJ·mol−1 .
The effect of secondary nucleation on CSD is generally determined in binary systems
because supersaturation and seeding can be adequately controlled. However, both primary
and secondary nucleation mechanisms occur in the reactive crystallization process via the
generation of supersaturation by reaction [31]. There, the reaction rate, the narrow variation
in agitation, and the limited transfer of mass to the crystal interface make the study of
secondary nucleation and growth complex. Despite these limitations, it is important to
study secondary nucleation for soluble salts in reciprocal salt pair systems because many
reactions produce intermediate compounds such as double salt hydrates as picromerite to
which another reagent can be added to obtain the desired anhydrous product. Furthermore,
these products can be redissolved to further improve the CSD by controlled cooling. There
are a few related reports in the literature on reactive crystallization for sparingly soluble
salts, such as the works of Taguchi et al. [31], Lu et al. [32] and Mignon et al. [33], but to the
knowledge of the authors not on soluble salts in a reciprocal salt pair system.
Thus, the purpose of this work is to study the reactive crystallization kinetics between
aqueous solutions (aq) of KCl(aq) and MgSO4(aq) (the latter from picromerite) to produce
K2 SO4 . Reaction temperatures of 5, 15, 25, 35, and 45 ◦ C were applied, and initial local
supersaturations and the supersaturation profiles as a function of time were determined.
Population density data in terms of crystal count, length, area, and volume were collected
using an FBRM probe to simultaneously estimate primary (Bb ) and secondary (B) nucleation
kinetics, growth (G), and suspension density (MT ) over time. Since the CLD measured
by FBRM is related but not similar to the CSD [34], the CLD data was converted to CSD
data based on the works of Heath et al. [35]; Togkalidou et al. [17]; Trifkovic et al. [36];
Óciardhá et al. [37], and, Ajinkya et al. [34]. During reactive crystallization, the absorbance
and temperature of the solution were followed in situ and in real time using ATR-FTIR
and Pt-100, respectively. In addition, the change in ion concentrations was measured, and
images of nucleation and growth events, as well as crystal morphology were captured.
This work contributes to determining the kinetic parameters of nucleation and growth
for the reciprocal salt system under study and the degree of supersaturation based on
the Pitzer ionic interaction parameters for the reactive crystallization process of K2 SO4(s) .
In addition, this research constitutes a potential tool for producing K2 SO4 from picromerite.
1.1. Reaction, Thermodynamic and Crystallization Kinetics Framework
1.1.1. Dissolution and Reaction of Picromerite
The dissolution of picromerite is an incongruent process; it decomposes in the presence
of water according to the following Equation:
K2 SO4 ·MgSO4 ·6H2 O(s) /H2 O ↔ nK2 SO4(s) + (1 − n)K2 SO4(aq) + MgSO4(aq) + 6H2 O(l) /H2 O (1)

In a second step, a KCl(aq) solution reacting with MgSO4(aq) from picromerite leads to
the formation of K2 SO4(s) product crystals according to Equation (2) which forms the basis
of the crystallization kinetics study in this work.
(1 − n)K2 SO4(aq) + MgSO4(aq) + 2KCl(aq) ↔ K2 SO4(s) + (1 − n)K2 SO4(aq) + MgCl2(aq) (2)
1.1.2. Thermodynamic Supersaturation
The determination of the thermodynamic supersaturation is based on estimating the
activity coefficients of the ionic pair K+ -SO4 2− as a function of temperature in a mixture
of electrolytes K+ -Mg2+ //Cl− -SO4 2− , based on the Pitzer model. The latter considers the
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ionic strength of the electrolyte mixture since supersaturation is the driving force that
promotes nucleation and growth of crystals in crystallization processes.
Pitzer’s model [38–41] requires the binary ionic interaction parameter values of
(0)

(1)

(2)

β ij , β ij , β ij , and Cij∅ for reactant electrolytes and products as a function of temperature,
where i and j represent the ionic pair cation and anion, respectively. The ionic interaction
parameters of KCl(aq) , MgCl2(aq) , and MgSO4(aq) as a function of temperature are given
in Table 1. They were obtained by Equations (S1)–(S3), whose empirical parameters are
found in Tables S1–S3, established by Holmes et al. [42], De Lima and Pitzer. [43], and
Phutela and Pitzer [44], respectively (see Supplementary Information (SI).
Table 1. Pitzer ionic interaction parameters of electrolytes KCl, MgCl2 and MgSO4 at different temperatures.
Temperature [◦ C]
5

15

25

35

45

Ionic Pair

2
β(0)
ij ·10

2
β(1)
ij ·10

K+ -Cl−
Mg2+ -Cl−
Mg2+ -SO4 2−
K+ -Cl−
Mg2+ -Cl−
Mg2+ -SO4 2−
K+ -Cl−
Mg2+ -Cl−
Mg2+ -SO4 2−
K+ -Cl−
Mg2+ -Cl−
Mg2+ -SO4 2−
K+ -Cl−
Mg2+ -Cl−
Mg2+ -SO4 2−

3.38
36.29
19.49
4.16
35.69
20.69
4.80
35.11
21.51
5.33
34.54
22.09
5.75
33.98
22.55

18.31
157.02
311.56
20.35
160.81
324.94
21.88
165.12
336.63
23.18
165.12
347.10
24.37
175.30
356.78

∅
Cij
·104

β(2)
ij

−19.88

−28.60

−32.77

−32.97

−29.71

8
87
23
−1
76
20
-8
65
17
−14
55
15
−18
45
13

Once the activity coefficients of the ion pair K+ -SO4 2− are determined in the system
K+ -Mg2+ //Cl− -SO4 2− , they are related to the molal concentration and the thermodynamic
equilibrium constant Ksp of K2 SO4 , which was determined using the Pitzer model for
isotherms of 5, 15, 25, 35, and 45 ◦ C based on solubility data [45]. The Ksp data for K2 SO4
estimated in this work are similar to those reported by Jiménez et al. [46] for isotherms
of 15, 25, 35, and 45 ◦ C. The Ksp results of K2 SO4 found in Table S4 (SI) are replaced in
Equation (3) to obtain the dimensionless degree of supersaturation “S” used in the reactive
crystallization process of K2 SO4 . Then, S is given by:
v

S = γ±

v

m++ m−−
Ksp

!1/v
(3)
v

v

where, γ± is the mean activity coefficient corresponding to K2 SO4 , m++ and m−− are the
molal concentration of the K+ and SO4 2− ions raised to their respective stoichiometric
coefficients and v is the total coefficient of K+ and SO4 2− (v+ + v− ).
1.1.3. Crystallization Kinetics
The CLD measured by the FBRM probe differs from the CSD measured by sieving,
laser diffraction, and PVM. However, using the mean or mode average of the squareweighted chord length was found to be comparable to conventional sizing techniques for
the range of about 50–400 µm [35]. Therefore, on that basis, it is possible to determine
the population density and then exploit it for crystallization kinetic studies [17,35]. The
mathematical Equations that allow obtaining CSD-based moments from CLD are presented
below [17,35].
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The jth moments from CLD data are calculated with Equation (4) according to
Trifkovic et al. [36]:
µ j (t) ≡

Z ∞
0

L j n( L, t)dl ≈

FBRM

∑

j

L ave,i Ni ( L ave,i , k) = Nk

i =1

(4)

where Li is the chord length, Ni the number of particles in channel i, and k the discrete time
counter. L ave,i is the arithmetic mean between the upper (Li ) and lower (Li−1 ) channel size
and is expressed as:
L + L i −1
L ave,i = i
(5)
2
Trifkovic et al. [36] used the total number of crystals in the entire FBRM size range
(1 to 1000 microns) to calculate the nucleation rate. The number of particles as a function
of time is given by Equation (6).
N (t) =

Z ∞
0

FBRM

n(t)dL ≈

∑

Ni,k = Nk

(6)

i =1

Furthermore, it is possible to determine the nucleation rate as a difference of the total
number of particles at each moment per mass of solvent, according to Equation (7).
Bexp (t) =

1 dN (t)
1 ∆Nk
≡
= Bexp,k
M (t) dt
Mk ∆t

(7)

where Bexp,k and Mk are the nucleation rate and the total mass of solvent in the kth time
interval. From this Equation, the ratio of the particle count to the mass of the solvent can
be considered. However, by adopting Equation (4) to determine the 0th moment, this
would become a summation of CLD of original FBRM data, which does not consider the
conversion from CLD to CSD. According to the report of Heath et al. [35], the population
density is considered via the conversion of CLD to CSD as counts of square-weighted chord
lengths by the following Equation:
n
Ni,n = Ni,0 Ci,A

(8)

where Ni,n is the number of n-weighted chord length counts in the ith channel, Ni,0 the
n is the geometric mean
count of unweighted chord lengths in the ith channel, and Ci,A
length of the ith channel given by:
Ci,A = (Ci,u ·Ci,l )1/2

(9)

with Ci,u and Ci,l the length of the upper and lower limit of the ith channel, respectively.
Then, by combining Equations (4) and (8), Equation (10) is constituted to determine the
moments based on the population density as a function of time per unit mass of solvent.
M is the mass of the solvent (H2 O).
µ j (t) ≡

Z ∞
0

L j n( L, t)dl ≈

FBRM

∑

i =1

j

L ave,i Ni,n ( L ave,i , k) ∗

1
M

(10)

Following the previous Equation, moments of the order 0, 1, 2, and 3 can be de
termined with the units (#/kgH2 O), (µm/kgH2 O), µm2 /kgH2 O , and µm3 /kgH2 O ,
respectively as a function of time, also for different degrees of initial local supersaturation
reached at temperatures of 5, 15, 25, 35, and 45 ◦ C.
Based on the population balance equation (PBE), different ordinary differential equations (ODE’s) are obtained that allow for the determination of the nucleation and growth
rate and suspension density with respect to time considering the conversion from CLD to
counts of square-weighted chord lengths, which are presented below.
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Primary nucleation rate.
In the reactive crystallization of K2 SO4 , primary and secondary nucleation (Bb and
B, respectively) occur, whereas Bb results from the high supersaturation generated by the
reaction. The nucleation rate (B) of K2 SO4 is determined based on the 0th moment (µo )
after conversion of the CLD to square-weighted counts [35] (Figures S1 and S2 (see SI)).
Then, the B is estimated using the following Equation [47]:
dµo
=B
dt

(11)

In the present work, Bb is related with the initial local supersaturation (S0 ) since it
has been obtained from the thermodynamic approach when considering the activities of
the species K+ and SO4 2− in the multicomponent system K+ , Mg2+ /Cl− , SO4 2− //H2 O. To
determine the kinetic parameters such as order and rate constant of primary nucleation
rate, the following Equation [48] has been used:
Bb = k b ·So b

(12)

where b is the primary nucleation order and kb is the primary nucleation rate constant.
Secondary nucleation rate.
Secondary nucleation usually depends on suspension density (MT ) and supersaturation (S). Furthermore, growth (G) is also a function of S. Then, the relationship of B with
G and MT describes the secondary nucleation rate of K2 SO4 in the reactive crystallization
process with time and is given as follows [49]:
j

B = K R · G i · MT

(13)

Their i is the nucleation relative to the order of growth, j the suspension density
exponent, and K R the relative rate coefficient.
Crystal growth rate.
The crystal growth rate (G) of K2 SO4 was simultaneously determined from the population density data, where G is linked to the 0th and first moment (Figure S3 (SI)), according
to the following Equation [47]:
1 dµ1
=G
(14)
µo dt
With the data of G for different degrees of initial supersaturation S0 , the empirical fit
parameters are determined according to [48]:
g

G = k g · S0

(15)

Crystal suspension density.
The suspension density as a function of time, based on the data of the total volume of
crystals µ3 (µm3 ) (Figure S5 (SI)), was determined as follows [35]:
dMT
= 3· k v · ρ c · G · µ2
dt

(16)

where ρc is the K2 SO4 crystals density (2.66 × 10−12 g/µm3 ), k v is the volume shape factor
(0.69 for K2 SO4 ), and µ2 is the second moment (Figure S4 (SI)). However, the empirical
Equation (17) was specified gravimetrically to corroborate the behaviour of the suspension
density and through the mass balance (Equation (18)) using data from the third moment
as follows:
µ
MTi = 3i MT f .
(17)
µ3 f
where µ3i and µ3f are the initial and final total crystal volume, and MTi and MTf are the initial
and final suspension density in the reactive crystallization. The mass balance Equation is
given by [50]:
C (t) = C0 − MTi
(18)
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with C0 being the initial concentration of the solute resulting from mixing both reactive
solutions, C (t) the concentration of the solute over time, and MTi as given above.
Secondary nucleation activation energy.
In a chemical reaction, efficient collisions occur between atoms, molecules, or ions.
The ions of the reciprocal system K+ , Mg2+ Cl− , SO4 2− //H2 O require the minimum kinetic
energy to form the active complex specified by the activation energy Ea and expressed by
the Arrhenius Equation:


Ea
K = A· exp −
(19)
RT
where K is the reaction rate constant, A is the frequency of molecular collisions, R is the
universal gas constant, and T is the absolute temperature. Taking the logarithm, it gives:


Ea 1
lnK = lnA + −
(20)
R T
The graphical relationship of lnK versus 1/T is linear, with the slope equals (−Ea/R)
and the intercept lnA. Thus, the activation energy Ea can be obtained from the slope of this
plot. For reactive crystallization, the dependence of the secondary nucleation rate constant
KR on the absolute temperature allows estimating the secondary nucleation activation
energy (E) in [kJ/mol] [30].
2. Materials and Methods
2.1. Reagents
Magnesium sulfate (MgSO4 ) was purchased from Acros Organic (Geel, Belgium;
purity > 97 wt%), potassium sulfate (K2 SO4 ) from Carl Roth GmbH & Co. (Karlsruhe, Germany; purity ≥ 98 wt%), and potassium chloride (KCl) from Merck (Darmstadt, Germany;
purity 99.5–100 wt%). All three reagents were used as received. Solid picromerite was
obtained by slow evaporation, filtration, and drying. Deionized ultrapure water used as a solvent in all experiments was provided by a Merck Millipore, Milli-Q® Advantage A10 system.
2.2. Experimental Setup and Process Analytical Technology (PAT)
The experimental setup for reactive crystallization studies is shown in Figure 1. The
8 of 25
PAT, additional optical process monitoring using the Technobis Crystalline
PV
system, and further implemented offline analytics will be discussed below.
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Figure 1.
1. Scheme
Scheme of
of the
the experimental
experimental setup.
Figure
setup. 11 Temperature
Temperature control
control system;
system;22 Universal
Universalstand;
stand;33 250 mL250ml-Jacketed glass crystallizer; 4 Glass impeller; 5 Reservoir for saturated solution of KCl; 6 VacJacketed glass crystallizer; 4 Glass impeller; 5 Reservoir for saturated solution of KCl; 6 Vacuum pump;
uum pump; 7 Buchner flask; 8 Buchner funnel; 9 Pt-100 sensor; 10 Syringe needle; 11 FBRM probe;
712
Buchner
flask;
8 Buchner
funnel;
9 Pt-100
sensor; syringe
10 Syringe
11 FBRM
12 Overhead
Overhead
stirrer;
13 ATR-FTIR
probe;
14 Disposable
filter;needle;
15 Syringe;
16 Dataprobe;
acquisition
system.13 ATR-FTIR probe; 14 Disposable syringe filter; 15 Syringe; 16 Data acquisition system.
stirrer;

2.2.1. Focused Beam Reflectance Measurement (FBRM)
For monitoring the change in the CLD of K2SO4 crystals during reactive crystallization, the Particle Track S400A FBRM® probe with focused beam reflectance measurement
technology from Mettler Toledo, Gießen, Germany was used. It is based on the backscattering of a rotating laser beam tracking particles flowing in front of the probe window.
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2.2.1. Focused Beam Reflectance Measurement (FBRM)
For monitoring the change in the CLD of K2 SO4 crystals during reactive crystallization,
the Particle Track S400A FBRM® probe with focused beam reflectance measurement technology from Mettler Toledo, Gießen, Germany was used. It is based on the backscattering
of a rotating laser beam tracking particles flowing in front of the probe window. Since
particles can be scanned in parts smaller or larger than their average size, the detected
value is called the “chord length”. In this study, the terms chord length distribution and
a “number of crystals” is used to determine the nucleation rate B, growth rate G, and
suspension density MT of K2 SO4 , but in CLD. The CLD of the crystals was measured in
real time and fell in 100 channels. The CLD by channels varies on a logarithmic scale
from 1 to 1000 µm, allowing a higher resolution of the CLD of particles <100 µm with
the ability to characterize the presence of uni and bimodal particle size distributions. The
counts of CLD data were captured every 10 s during 60 min of reactive crystallization. The
operational variables of the FBRM to collect data consisted in adjusting the FBRM with an
angle of inclination of 82◦ that also acts as a deflector, with the focal position (window)
located above the tip of the impeller at a height less than 8 mm. To ensure the presence of
crystal samples with the impeller speed used, the pulp concentration should not exceed
20 wt/wt%, and the CLD collection was established in fine mode. In addition, mechanical
stirring was kept constant at 317 rpm allowing for a good suspension of crystals. Higher
stirring speed generates vortices, small and large bubbles near the edge of the propellant
and on the surface of the solution, respectively, which is a problem for moment data reads.
All previous operations were based on Heath et al. [35].
2.2.2. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectroscopy
The change in absorbance of the solution during reactive crystallization was monitored
in real time using the Mettler Toledo ReactIR™ 15 ATR-FTIR probe (Mettler Toledo, Gießen,
Germany). The probe immersed in the solution measured the absorbance every 60 s during
the 60 min of the reactive crystallization process.
2.2.3. Temperature Measurement
A Pt-100 sensor (Ahlborn Mess- und Regelungstechnik GmbH, Holzkirchen, Germany)
was used to follow the temperature of the solution before and during reactive crystallization.
Temperature data were collected and recorded with a measurement precision ± 0.01 ◦ C. The
FBRM-S400A, ATR-FTIR, and Pt-100 probes are shown in Figure 1 as the main components
collecting process data on the reactive crystallization of K2 SO4 .
2.2.4. Technobis Crystalline PV
For image monitoring of nucleation and growth of K2 SO4 crystals, the Crystalline
PV multi-reactor system with particle viewer module (Technobis Crystallization Systems,
Alkmaar, The Netherlands) was used. Images were taken every 20 s during the 60 min
of the reactive crystallization process of K2 SO4 . Digital photographic images of K2 SO4
particles as a function of time are displayed directly on the computer screen.
2.2.5. X-ray Powder Diffraction Phase (XRPD) Analysis
Powder samples of the reactive crystallization products were subjected to XRPD analysis using a PANalytical X’Pert-Pro diffractometer (PANalytical GmbH, Kassel, Germany)
with an X’Celerator detector and Cu Kα radiation. Samples were measured in a 2-Theta
range of 10–100◦ with a step size of 0.0167◦ and a counting time of 30 s per step.
2.2.6. Chemical Analysis by Ion Chromatography (IC)
The concentrations of K+ , Mg2+ , Cl− and SO4 2− were determined by ion chromatography using the Dionex ICS 1100 IC system (Thermo Fischer Scientific, Dreieich, Germany).
For calibration, standard solutions of known composition were prepared for the anionic
and cationic pairs Cl− -SO4 2− and K+ -Mg2+ , respectively. These standards allowed deter-
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mining the concentrations of the cations and anions, with priority for Mg2+ as an impurity
in the K2 SO4 product crystals to evaluate the product quality.
2.3. Experimental Procedure
2.3.1. Preparation of the Saturated Solution of Magnesium Sulfate from Picromerite
There are two methods to prepare MgSO4(aq) from picromerite: (1) by dissolving the
MgSO4 from the picromerite crystal lattice by addition of water and (2) by isothermal
synthesis. Both methods are based on the phase diagram for the ternary system K2 SO4 MgSO4 -H2 O at 25 ◦ C (see Figure S6 (SI)). In this work, method (2) has been adopted
to prepare MgSO4(aq) from pure reagents K2 SO4 , MgSO4 and H2 O without the need to
prepare the picromerite. Since the dissolution of picromerite is an incongruent process, it
decomposes in the presence of water, according to Equation (1). As a result, a solid phase
of K2 SO4(s) is in equilibrium with a saturated liquid phase of K+ , Mg2+ and SO4 2− ions in
water. The solid potassium sulfate is filtered under a vacuum, and the resulting solution
is used in the K2 SO4 reactive crystallization process to determine the kinetic parameters.
For the pulp synthesis according to point C in Figure S6 (see SI), pure reagents K2 SO4(s) ,
MgSO4(s) and H2 O(l) were mixed to obtain a synthetic pulp constituted of 11.10, 12.54, and
76.34 wt/wt% of K2 SO4 , MgSO4 , and H2 O, respectively.
The pulp synthesis and the generation of the saturated MgSO4(aq) solution from picromerite was performed in a jacketed vessel. All the reagents were added on a precision
analytical balance (± 1× 10−4 g): 12.9660 g of K2 SO4(s) , 8.9700 g of MgSO4(s) , and 54.5820 g
of H2 O(l) . The vessel with the reagents was hermetically closed, taken into the thermostatted reactor at 25 ◦ C and left stirring for 24 h to reach solid–liquid equilibrium and guarantee
the pulp composition. The solid was separated from the pulp by vacuum filtration, and the
particle-free solution was transferred to another closed vessel maintaining the temperature
in a thermostatic bath. The product K2 SO4(s) was allowed to dry at room temperature
under a fume hood for 24 h. This synthesis procedure was repeated for all the reactive
crystallization runs of K2 SO4 .
2.3.2. Preparation of Saturated Solution of KCl
The KCl(aq) solution reacting with MgSO4(aq) from picromerite gives rise to the formation of crystals of K2 SO4(s) according to Equation (2). A saturated solution of KCl(aq) was
prepared at 25 ◦ C with an excess of 1% of KCl(s) to guarantee solid–liquid equilibrium. The
dissolution of KCl(s) in water was carried out separately with magnetic stirring.
2.3.3. Operating Conditions of the Reactive Crystallization Process
The experimentation plan with the operating conditions used is given in Table S5 (SI).
Based on Equation (1), the saturated solution of MgSO4(aq) from picromerite was prepared at
25 ◦ C. For all the reactive crystallization runs, the concentration of 457 (g of solute/kg H2 O)
was kept constant where the solute concentration was composed only of (1 − n) K2 SO4(aq)
and MgSO4(aq) at 25 ◦ C, with n = 0.38. On the other hand, the saturated solution of KCl(aq)
was prepared according to Equation (2), the concentration was 343.98 (g solute/kg H2 O),
which also remained constant for all reactive crystallization runs.
2.3.4. Mixing of Reagents and Generation of Initial Supersaturation (S0 )
For performing reactive crystallization between the saturated synthetic solution of
MgSO4(aq) from picromerite with KCl(aq) , it is essential to determine the degree of initial
supersaturation S0 and the supersaturation profile with time S to derive the nucleation rates,
growth rates, and the suspension density during the reactive crystallization of potassium
sulfate at different temperatures.
The initial supersaturation S0 was generated by mixing the MgSO4(aq) solutions from
picromerite at 25 ◦ C, and the saturated solution of KCl(aq) , also at 25 ◦ C. Mixing of both
solutions was carried out at each of the temperatures under study (5, 15, 25, 35, and 45 ◦ C)
in the experimental setup shown in Figure 1. In each run, the change of CLD, absorbance
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and temperature was recorded using the FBRM, ATR-FTIR, and Pt-100 probes, respectively.
For offline monitoring of the change of ion concentrations K+ , Mg2+ , Cl− , and SO4 2− over
time, aliquots of the solution were taken every 2.5 min until 5 min, then every 5 min until
30 min, and finally every 10 min until 60 min. The weight of the aliquots was 0.3291 g
of particle-free solution. At the end of the reactive crystallization process programmed
for 60 min, the crystallized solid was separated from the pulp by vacuum filtration and
dried for 24 h at room temperature. Afterwards, samples of the products obtained were
subjected to XRPD analysis to check the phase identity and to chemical analysis by IC.
For the optical reactive crystallization process monitoring of nucleation, growth, and
crystal morphology via the Crystalline PV particle vision system, the same conditions
described above were applied, with a difference in the reagent amounts. In this case, 4.00 g
of MgSO4(aq) from picromerite with 2.19 g of a saturated solution of KCl(aq) were studied
in a closed vessel using a hook type stirrer at 400 rpm.
3. Results and Discussion
3.1. Absorbance and Temperature in the Reactive Crystallization Process
The results of monitoring the change in absorbance of the solution by ATR-FTIR
spectroscopy are shown in Figure S7 (SI). The absorbance decreases as a function of time as
the reaction progresses and moves to smaller absolute values at lower temperatures, caused
by the lower saturation concentrations of the solute. The absorbance peaks of SO4 2− and
H2 O are found in the wavenumber range of 1080–1100 cm−1 and 1645 cm−1 , respectively.
The corresponding temperature profiles are shown in Figure S8 (SI). As expected, after the
addition of KCl(aq) , stored at 25 ◦ C, to the MgSO4 solution at 5, 15, 25, 35, and 45 ◦ C, the
temperature in the resulting solution increased for lower reaction temperatures of 5 and
15 ◦ C to 10 and 17 ◦ C, and, decreased for higher reaction temperatures of 35 and 45 ◦ C
to 32.5 and 41 ◦ C, respectively, for a short time only. For the reaction isotherm at 25 ◦ C,
the temperature remained constant. However, in all cases, in less than 3 min, the initial
reaction temperature is restored except for a slight difference at 45 ◦ C.
3.2. Supersaturation Profiles, Reactive Crystallization Images and CLD
The supersaturation as a function of time, S, was determined based on the concentration of the ions K+ , Mg2+ , Cl− , and SO4 2− . Assuming that the Mg2+ and Cl− concentrations
in the solution remain constant but K+ and SO4 2− concentrations vary due to the formation
of K2 SO4(s) crystals, the concentrations of K+ and SO4 2− were obtained by subtracting those
integrated into K2 SO4(s) crystals from those entering the reaction. The molal concentrations
of mK+ , mSO2− , mMg2+ and mCl− obtained were used to determine the activity coefficients
4
and S, according to Equation (3).
Figure 2 shows the trajectory of S starting from the initial supersaturation S0 , images of
solution/crystals captured by Crystalline PV, and the respective CLD as a function of time
during the reactive crystallization of K2 SO4 at 5 ◦ C. The S0 value in the reaction mixture was
5.15, showing a strong supersaturation as a precondition to initiate nucleation and growth.
After an induction time of ~5 min where the reaction solution reached thermal equilibrium
and became homogenized, the supersaturation decreased as a result of crystallization,
reaching a minimum value of S = 2.30 at 20 min. The Crystalline PV system detected at
1.44 and 5 min of reaction (Figure 2a,b) embryo clouds and tiny pseudohexagonal crystals
due to nucleation and growth. At the same time, after ~5 min, a low CLD in terms of
crystals counted by the FBRM per s <2.5 crystals/s with a chord length of 20–30 microns
and a rather unimodal CLD is determined. Once the driving force has been exhausted,
after 20 min, the supersaturation remains constant and reactive crystallization is finished,
which is corroborated by chemical analysis of the K+ , Mg2+ , Cl− and SO4 2− shown in
Figure S9 (SI). At ~10 min, Figure 2c shows growing K2 SO4 crystals, separated from each
other but overlapping in some parts with defined vertices, maintaining the pseudohexagonal
and orthorhombic morphology. The crystal count reached 25 crystals/s with a chord length

Crystals 2021, 11, 1558
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11 of 24
viewer of the Crystalline PV equipment; the crystal count reaches 70 crystals/s in th
range of 40–50 microns and 30 crystals/s in the 2–3 microns size range shown in Fig
As seen, the counts of CLD increase with time, specifying product crystals with a bi
CLD, which
is attributed
to breakage,
byhaving
frictionaor
collision
of of
crystals, o
between 30–40 microns.
A few
particles between
2 andattrition
5 microns
crystal
count
tals
with
the
propeller
blades.
Thus,
crystal
count
increased
but
not
growth.
8 crystals/s also appear (Figure 2f), thus leading to a bimodal CLD.

Figure 2. Supersaturation S, crystal/solution images and CLD for a reaction isotherm of 5 ◦ C as a
function of time at (a) 1.44 min, (b) 5 min, (c) 10 min, (d) 20 min, (e) 60 min and (f) CLD.

With the time at 20 min (Figure 2d), the crystals grow with a considerable presence
of fines whose crystal count reached 42.5 crystals/s in the size range of 30–50 microns
and 15 crystals/s in the range of 2–3 microns, keeping the bimodal CLD. Finally, at 6 min
(Figure 2e), the pulp contains a considerable amount of fines that obstruct the image viewer
of the Crystalline PV equipment; the crystal count reaches 70 crystals/s in the size range of
40–50 microns and 30 crystals/s in the 2–3 microns size range shown in Figure 2f. As seen,
the counts of CLD increase with time, specifying product crystals with a bimodal CLD,
which is attributed to breakage, attrition by friction or collision of crystals, or crystals with
the propeller blades. Thus, crystal count increased but not growth.
At a reactive crystallization temperature of 25 ◦ C, an initial supersaturation of S0 = 3.84
is generated (Figure 3), which remains constant for ~10 min and then decreases slowly,
reaching the final S of 2.53 at 30 min. This implies that the supersaturation was consumed in
20 min and the crystallization process was stopped. Figure 3a,b show the presence of very
tiny crystals with a crystal count <2.5 crystals/s in the chord length range of 10–40 microns
(Figure 3e). After 30 min (Figure 3c), it is impossible to identify the crystals’ morphology
due to their tiny sizes, with a crystal count of 20 crystals/s in a chord length range of
20–30 microns and 15 crystals/s with the size of 9–10 microns. After 60 min (Figure 3d),
many tiny crystals are observed with a crystal count of 30 crystals/s between 30–40 microns
size and 18.5 crystals/s between 3–6 microns size. Thus, again a bimodal CLD was developed
as a result of the generation of fine particles from secondary nucleation mechanisms.
Comparing the reactive crystallization processes of K2 SO4 at the two temperatures of
5 and 25 ◦ C, as expected, the initial degree of supersaturation is greater at lower temperature and vice versa. As a result, for higher initial supersaturation, de-supersaturation and
induction times were shorter, and crystal growth was enhanced, leading to a defined morphology, and a higher crystal count was reached with bimodal CLD. As the crystal images
provide qualitative proof of the crystallization progress, in this report, the moment data
collected by the FBRM probe were considered to determine the crystallization kinetics. The
supersaturation profiles for all reaction temperatures used are compiled in Figure S10 (SI).
They confirm the reaction crystallization trends discussed above.
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soluble salts exhibit minimal values of the thermodynamic equilibrium constant (KSP ). For
example, the KSP of BaSO4 is 2.88 × 10−10 (mol/kg)2 at 25 ◦ C [31], compared with a KSP of
0.0162 (mol/kg H2 O)3 for K2 SO4 according to the solubility data [45].
Figure 4 presents the CLDs of K2 SO4 crystals after 5 min and the final product after
60 min at the different reaction temperatures investigated. Usually, for an industrial mass
crystallization product, a narrow and unimodal CLD, as far as possible free of fine crystals,
is targeted. However, in the experiments, a unimodal CLD is only observed at the beginning
after 5 min of reaction (Figure 4a), where crystal counts are very low (1 to 4 crystals/s) with
crystal sizes between 10–100 µm and fines <10 µm, which is found for all the isotherms
studied. Likewise, Figure 4b shows the CLDs of the final K2 SO4 product with a bimodal
distribution. The region of fines of size <10 µm is specified by crystal counts <2 crystals/s
at 45 ◦ C, 30 crystals/s at 5 ◦ C, and 10–15 crystals/s for isotherms in-between. In the coarse
region, the size of the crystals is 15–200 µm with crystal counts of 5 crystals/s at 45 ◦ C,
70 crystals/s at 5 ◦ C, and 25–35 crystals/s for isotherms between 15 and 35 ◦ C. The bimodal
distribution is attributed to the effect of secondary nucleation due to the suspension density
or breakage and attrition of the crystals. The difference between Figure 4a,b is related
to uncontrolled depletion of supersaturation during isothermal reactive crystallization.
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In this work, the maximum K2 SO4 crystal size obtained according to the semiquanIn this work, the maximum K2SO4 crystal size obtained according to the semiqu
titative analysis of CLD was between 70 and 80 µm at 5 ◦ C, which is small compared
tative analysis of CLD was between 70 and 80 μm at 5 °C, which is small compared
with crystallization from pure K2 SO4 -H2 O solutions. For example, Bari and Pandit [24]
crystallization from pure K2SO4-H2O solutions. For example, Bari and Pandit [24] repo
reported an average size of 286 µm via the isothermal method for low supersaturation and
an average size of 286 μm via the isothermal method for low supersaturation and Ba
Bari et al. [22] an average size of 250 µm by the cooling method. Jones et al. [55] received
an average size of 500 µm without fines using seeding and cooling, while via salting out
with acetone, they obtained crystal sizes <350 µm with a greater presence of fines and
agglomerates. It is concluded that reactive crystallization of K2 SO4 from the quaternary K+ ,
Mg2+ , Cl− , and SO4 2− system provides smaller crystals as obtained in K2 SO4 -H2 O systems,
which is due to the reaction-inherent high degree of initial local supersaturation.
3.3. Primary Nucleation Rate Bb
To determine the nucleation rate, the CLD data have been converted to CLD counts
square-weighted as a function of time for each reaction isotherm. The results transformed
to moment data of the order 0, 1, 2, and 3 by Equation (10) are shown in Figures S2–S5 (SI).
In the reactive crystallization of K2 SO4 , primary nucleation (Bb ) and secondary nucleation (B) occur, while Bb results from the high supersaturation generated. The nucleation
rate (B) of K2 SO4 was determined by Equation (11). Bb is related with S0 since it has been
obtained from the thermodynamic approach when considering the activities of the species
K+ and SO4 2− in the multicomponent system K+ , Mg2+ /Cl− , SO4 2− //H2 O. To determine
the kinetic order and rate constant parameters of Bb , the nucleation rates obtained for each
S0 were averaged and then fitted to Equation (12) presented in Figure 5. The fitting parameters derived are b = 3.61 and kb = 83.68 [#/min·kg H2 O] with a coefficient of determination
R2 = 0.89, verifying that the behaviour of Bb is proportional to S0 .
The primary nucleation order obtained for the reactive crystallization of K2 SO4 is
lower than found for the single solute system K2 SO4 -H2 O, as reported by Bari et al. [22],
with b = 6.5 for the isothermal method (tind ). Nemdili et al. [21] reported b = 4.10 and 4.68
when measuring MSZW and tind , respectively. Additionally, Bari and Pandit [24] reported
b = 6.5 and 5.73 when determining MSZW via the conventional method and sonocrystallization, respectively. There, b is a physical parameter that describes the dependence of
the MSZW on the cooling rate regardless of the method used. In contrast, high values for
the primary nucleation order are observed in reactive crystallization kinetics of sparingly
soluble salts, such as SrSO4 and CaCO3 with b = 36.0 and 12.0, respectively, reported by
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The empirical parameters KR, i, and j obtained for each reaction isotherm are compiled in Table S6 (SI). From the results, it can be concluded that B depends on the density
of the suspension, whose values of j are between 0.20 and 0.80. However, i has values of
1.18, 0.63 and 0.1 for the 5, 15, and 25–45 °C isotherms, which is attributed to the fact that
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Once the nuclei appear, they become stable crystals and grow over time. However,
nucleation persists assisted by crystals constituted as suspension density, supersaturation
decreases to a low level, and it is there that secondary nucleation occurs (B). Therefore,
secondary nucleation is often dependent on suspension density (MT ) and supersaturation (S). Furthermore, growth (G) is also a function of S. Then, the relationship of B with
G and MT describes the secondary nucleation rate of K2 SO4 in the reactive crystallization
process with time and is given by Equation (13). The parameters KR , i, and j are estimated
by adjusting the experimental data of G and MT with time using multiple linear regression
to obtain the secondary nucleation rate calculated (Bcal ) for each So .
The results of Bexp and Bcal are shown in Figure 6. A good correlation of secondary
nucleation with G and MT is observed for most of the isotherms. The Bexp and Bcal values have
practically the same tendencies, superimposed, at 5, 15, 25 and 45 ◦ C (S0 = 5.15, 4.15, 3.84 and
3.24), with a coefficient of determination of R2 = 0.976, 0.997, 0.998, and 0.979, respectively,
and a slightly lower correlation for the 35 ◦ C isotherm (S0 = 3.54), with R2 = 0.943.
The empirical parameters KR , i, and j obtained for each reaction isotherm are compiled
in Table S6 (SI). From the results, it can be concluded that B depends on the density of
the suspension, whose values of j are between 0.20 and 0.80. However, i has values of 1.18,
0.63 and 0.1 for the 5, 15, and 25–45 ◦ C isotherms, which is attributed to the fact that B depends
on G implied by the supersaturation, whose value of i is greater than j for isotherms of 5 and
15 ◦ C. For the 25–45 ◦ C isotherms, i is less than j, suggesting little dependence on B for G. On
the other hand, the KR values show irregular behaviour, as seen in the trends of B in Figure 6.
To finally evaluate secondary nucleation via Equation (13), the G and MT values for
different S0 (Figure 6) were fitted to the following Equation:
B = 13810.83· G0.75 · MT0.71

(21)

This general description of secondary nucleation in the reactive crystallization process
of K2 SO4 leads to a relatively low coefficient of determination R2 = 0.11. Therefore it is
difficult to attribute the dependence of B to the suspension density or crystal growth rate,
whose values of i and j are 0.75 and 0.71, respectively, and thus, both are close to unity [20].
For the crystallization processes in the single solute K2 SO4 -H2 O system via cooling and
seeding, Mohamed et al. [30] reported i = 0.9 and j = 0.57 and concluded that B depends on
S and MT .
The presence of K2 SO4(s) in the reactive crystallization solution contributes to nucleation so that the exponents i and j take on characteristic values. However, the primary
nucleation order (b) depends solely on the degree of supersaturation and the method of
detecting the appearance of nuclei, so the nucleation order is greater than the secondary
one. Bari et al. [22] reported the dependence of secondary nucleation order (b2) on supersaturation and MT . They found b2 = 2.25 and b = 6.5 for the K2 SO4 -H2 O system,
obtained by the isothermal method and, as evident, b2 <b. Taguchi et al. [31] observed
in the reactive crystallization process of BaSO4 , when mixing two equimolar solutions of
BaCl2 and Na2 SO4 at 25 ◦ C, that secondary nucleation is influenced by the stirring speed
(Ns ), MT and S, whose exponents are 0.98, 0.84 and 1.72, respectively, with a multiple
correlation coefficient of 0.61. The KR parameter implies the dependence of temperature,
hydrodynamics, presence of impurities and the properties of the established crystals. Thus,
the KR data obtained for each reactive crystallization isotherm of K2 SO4 is used to estimate
the secondary nucleation activation energy in the following.
3.5. Crystal Growth Rate of K2 SO4
The crystal growth rate (G) of K2 SO4 was simultaneously determined from the square
weighted CLD data, according to Equation (14). Figure 7 shows the growth rate of K2 SO4
crystals as a function of time during the reactive crystallization process for different S0 . At
5 ◦ C (with S0 = 5.15), G starts with a value of 231.06 µm/min determined at 4.01 min and
reaches a minimum value of 4.94 µm/min after 20 min. The decrease in G is caused by the
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decrease in supersaturation due to crystallization. At 25 ◦ C (with S0 = 3.84), G has an initial
value of 101.5 µm/min and decreases over time to 5.30 µm/min at ≈30 min.
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further affected by the morphology and size distribution of the crystals, filtration demands,
and the cocrystallization of an undesired compound. Mohamed et al. [30] reported an
MT between 58 and 95 (g of K2 SO4 crystals/kg H2 O) by cooling from 63.5 to 24.6 ◦ C, and
75 (g of K2 SO4 crystals/kg H2 O) at 40 ◦ C for a K2 SO4 -H2 O solution with seeding. In this
report of reactive crystallization, a maximum MT of 108.45 g of K2 SO4 /kg H2 O at 5 ◦ C was
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by reactive crystallization in this work. On the other hand, for reactive crystallization of a
poorly soluble salt, Lu et al. [32] reported a nucleation activation energy of 73.049 kJ·mol−1
for Mg(OH)2 . As seen, when nucleation depends only on supersaturation, the activation
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energy of primary nucleation is much lower, implying that nucleation is faster than obtained
in the present report, where the activation energy of secondary nucleation depends on the
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to X-ray diffraction analysis to be compared with the reagents
It is important to mention the presence of the eutectic point in the system, which allows
K2SO4, KCl, and MgSO4 and synthesized picromerite. The diffractograms are compiled in
deriving the lowest feasible crystallization temperature. In this sense, despite the reactive
Figure 11. In addition, the product crystals were analyzed regarding
the presence of Magcrystallization of K2 SO4 from the multicomponent system K+ , Mg2+ /Cl− , SO4 2− //H2 O,
nesium as an impurity by ion chromatography. As a result, only very small contents of
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that correspond to the patterns of K2SO4 and picromerite, verifying the somewhat higher
Mg content in the respective product. K2SO4 is the majority phase, and no other crystalline
phase is present, considering a detection limit of XRPD < 1%. The presence of picromerite
peaks might be attributed to mother liquor occluded between the K2SO4 crystals which,
after filtration, crystallizes as picromerite when drying. In this work, the washing process
of the K2SO4 product was omitted. Of course, when including washing after solid–liquid
separation, a further increase of purity is possible but at the expense of yield. The washing
process is essential to improve the quality of K2SO4, as accomplished in the crystallization
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effect and is unfavourable for subsequent processes such as filtration, drying, storage, etc.
On the other hand, real time images captured during reactive crystallization evidenced the
appearance and growth of crystals with pseudohexagonal morphology.
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Online monitoring of the CLD and using square-weighted CLD counts shows that
Bb , G, and MT are directly proportional to S0 . The primary nucleation parameters were
determined with the order b = 3.61 and constant kb = 83.68 [#/min·kg H2 O] by correlation
of Bb with S0 . The b-value indicates that the primary nucleation strongly depends on the
supersaturation generated by the reaction in the K+ , Mg2+ /Cl− , SO4 2− //H2 O system and
the primary nucleation rate quantification method. In addition, G has been correlated
with S0 to estimate the empirical parameter g = 4.61. The allocation of one of the growth
mechanisms, such as transport and surface reaction, to the mechanism controlling growth
in the performed reactive crystallization of K2 SO4 is generally challenging due to the rapid
mass transfer of the solute to the solid phase in reactive crystallization processes. The
K2 SO4 crystals obtained were of high quality containing (unwashed) 0.01–0.51 wt% of
magnesium as impurity under the conditions used.
In general, it can be concluded that it was possible to estimate the degree of S0 and the
trajectories of S with time in the K+ , Mg2+ /Cl− , SO4 2− //H2 O system at 25 ◦ C by directly
varying the reaction temperature to produce soluble salt crystals like K2 SO4 . Furthermore,
all the S0 values obtained at different reaction isotherms were sufficient to promote the
crystallization parameters. However, to improve the quality and performance of the crystals’
CSD, it is suggested to apply a programmed cubic cooling profile to the studied system
since the coexistence of crystals/solution, e.g., at 45 ◦ C, could replace a seeding stage.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11121558/s1. Table S1: Empirical values to determine the ionic interaction parameters
of KCl, Table S2. Empirical values to determine the ionic interaction parameters of MgCl2 , Table S3.
Empirical values to determine the ionic interaction parameters of MgSO4 , Table S4. Solubility product
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