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ABSTRACT:

1

The effect of microwave on reactive crystallization is investigated with magnesium carbonate as the working
substance. In the experiments, magnesium carbonate is precipitated by mixing aqueous magnesium sulfate
and sodium carbonate solutions in a MSMPR crystallizer located in a microwave reactor. A population balance model along with crystallization kinetics is formulated to assess the influence of microwave energy input
on nucleation, growth, agglomeration and breakage during crystallization process. A general high order
moment method of classes (HMMC) framework is applied to solve the model numerically. The results show
that crystallization kinetics parameters, including the nucleation rate constant (kn), the growth rate constant
(kg), the exponent of growth rate (g) and the collision efficiency (Ψag) change significantly due to mass
transfer enhancement in microwave field. Meanwhile, the exponent of nucleation (n) and the breakage rate
constant (kbr) remain constant or only change slightly. It is further discovered that the crystal suspension attenuates the microwave effect during crystallization process.
KEYWORDS: Microwave; Reactive crystallization; Crystallization kinetics; Population balance; Mass
transfer

1. Introduction
A microwave is a radio wave with a frequency ranging from 300 MHz to 300 GHz.1 During the last two
decades, microwave becomes an efficient and suitable tool in various industrial processes, such as synthesis
and processing of chemical materials.2,3
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Recently, microwave also has attracted considerable attention as a new way to control crystallization process.
Asakuma and Miura found growth rate of crystals is improved by microwave field in the anti-solvent crystallization. They claimed that the applied microwave can enhance the diffusion coefficient which governs
the liquid to solid mass transfer during crystal growth.4 Gordon et al. realized that microwave can introduce a
fast and uniform nucleation to crystallization system.5 In addition, the microwave field was also found to
change the size and morphology of crystal products.6,7 In order to achieve a higher yield of crystal products,
Rizzuti et al. and Serrano et al. applied the microwave radiation to the crystallization process,.8,9 Wu et al. and
Hart et al. found that microwave field can promote the phase transform of crystal.10,11 Tian et al., Mahmoud et
al. and Aquino et al. concluded that microwave can be used to speed up crystal growth during crystallization
process.12,13,14 Asakuma and Miura found that microwave can accelerate the crystal precipitation and control
the crystal size.4 The microwave effect on crystallization has also been reported to change the degree of
crystallization.15,16
When microwave propagates through a liquid medium, its energy will not only cause temperature increase
but also initiate an electromagnetic effect that accelerates the movement and the collision rate of the molecules in the reaction system. As a result, the nucleation and growth of crystals could be improved. Microwave is widely thought to enhance the rate of mass transfer.4,17,18,19 Meanwhile, Janney et al. and Wilson et al.
found that the diffusion coefficients increase in the presence of the microwave electromagnetic effect as
well.20,21 Li et al. found that diffusion acceleration is the main reason for the increase of nucleation rate,22
and the diffusivity enhancement (DAB- DAB0) with energy input (E) follows the Arrhenius law.
Despite the fact that microwave has been proven to be an effective method to control crystallization process,
to our knowledge, the quantitative study of microwave effect on crystallization kinetics is limited. The aim
of this study is to investigate the influence of microwave on the crystallization mechanisms of inorganic salts
in a water-based system by analyzing the variation of crystallization kinetic parameters in microwave field.
3

Magnesium carbonate (MgCO3) crystals, a typical inorganic salt, were precipitated from the aqueous solution
in a laboratory MSMPR crystallizer settled in the cavity of microwave reactor. The experiments were carried
out under fixed temperature and various microwave power inputs. A population balance model considering
nucleation, growth, agglomeration and breakage was constructed and solved with high order moment method
of classes (HMMC). 23,24 The crystallization kinetic parameters, including the nucleation rate constant (kn), the
exponent of nucleation (n), the growth rate constant (kg), the exponent of growth rate (g) and the breakage rate
constant (kbr), were fitted against experimental data. The mechanisms of the microwave effecting on kinetic
parameters were discussed as well.

2. Theory
Crystallization is a solid–liquid separation technique, in which mass transfer of a solute from the liquid solution to a pure solid crystalline phase occurs. The particle size distribution (PSD) depends on the processes
that create new particles ("birth" processes) and destroy existing particles ("death" processes). Birth of new
particles can occur due to breakage or splitting, agglomeration and nucleation. Breakage and agglomeration
also contribute to death processes.25 Nucleation, growth and agglomeration are dominated by liquid to solid
mass transfer while breakage is mainly affected by turbulent intensity.26 As previously mentioned, the diffusion coefficient of mass transfer could be significantly influenced by the microwave field. Therefore, The
PSD of crystal products may be changed greatly by microwave.
There are three different classes of materials in microwave field: insulators, which are not affected by microwaves, conductors (such as metals) which reflect the energy, but do not heat, and dielectrics (polar molecules, ions) which absorb the energy.27 With the increase of the weight fraction of inorganic salt, the microwave absorption properties are enhanced, which leads to the enhancement of dielectric and magnetic
losses in the solution.28 In this case, the increase of inorganic salt suspension density may shield the micro4

wave effect on mass transfer during crystallization process. Thus, the influence of microwave energy input
on kinetic parameters needs to be analyzed quantitatively to understand the mechanism of crystal formation
in microwave field.
In the steady-state crystallization system, the mass balance equation for Mg2+ in the liquid phase can be calculated as follows:

Qin cin  RcVdisp  QoutcMg  0

(1)

where cin is the concentration of Mg2+ in the inflow; cMg is the concentration of Mg2+ in the solution and outflow; Qin and Qout are inflow rate and outflow rate; Vdisp is the volume of dispersion. The terms on the left
hand side are: 1) liquid feed, 2) crystal mass deposition rate, 3) liquid outlet. The crystal mass deposition
rate (Rc) can be calculated as follows: 29

Rc  f v  MgCO3 L0 J N  f s  MgCO3 m2G / 2
3

(2)

where fv is the volume shape factor and fs are the surface shape factor, ρMgCO3 is the density of MgCO3, L0
is primary crystal size and m2 is 2nd-order moment of size distribution obtained by solving the population
balance equation.
Based on the consideration of "birth" and "death" processes, a general form of the population balance equation expressed in particle size as the internal coordinate for an MSMPR crystallizer in the presence of agglomeration and breakage can be written as :26

n L in  n L out 


GL nL  J n  Bag ( L )  Dag ( L )  Bbr ( L )  Dbr ( L ) (3)
L

The terms on the left-hand side are: flow of particles into the control volume, flow of particles out from the
control volume, growth along internal coordinate and primary nucleation. The terms on the right-hand side
are: birth term by agglomeration, death term by agglomeration, birth term by breakage and death term by
breakage. To numerically solve this population balance equation, a general high-order moment method of
5

classes (HMMC) framework is applied in this paper.23,24 It is based on conservation of an arbitrary number
of moments in the numerical discretization.
After discretizing the internal coordinate space into a finite number of size class (NC) and counting the
number density of particles (Y) belonging to each class, the continuous population balance equation becomes:
23,24
NC
1
1
QinYi ,in 
QoutYi ,out    Li , L j G L j Y j   Li  
j 1
Vdisp
Vdisp

 BLi , L j g L j Y j     Li , L j , Lk F L j , Lk Y j Yk  g Li Yi  Yi  F Li , L j Y j (4)
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where i, j and k are the indices of particle size class; Yi is the particle number density of class i; g (L, λ) is the
breakage frequency; F (L, λ) is the agglomeration frequency; B(Li, Lj) is the breakage table, that determines
the contribution of breakage event of particles in j-th class to particles number in i-th class; χ(Li, Lj, Lk) is the
agglomeration table, that describes the contribution of agglomeration event of particles in j-th and k-th class
to particles number in i-th class; ξ(Li, Lj) is the growth table, that represents the contribution of growth event
of particles in j-th class to particles number in i-th class; Ω(Li) is the nucleation table. In this work, Yi,in is
zero since there is no crystals in the inflow. In addition, particle number density in the outflow (Yi,out) is
equal to the tank averaged particle number density (Yi) due to the typical assumption of well mixing in
MSMPR crystallizers.
In stirred tank reactor, the nucleation and growth rates of MgCO3 can be calculated with power-law functions:30

J N  kn S 

(5)

G  k g S g

(6)

n

where JN is the primary nucleation rate; kn is the nucleation constant; n is the exponent of nucleation; G is
the crystal growth rate; kg is the growth rate constant; g is the exponent of growth and S is the supersatura6

tion.
In the dilute binary solution with charged ions of Mg2+ and CO32-, S can be presented as:31

S  cMg cCO3  K sp,MgCO3

(7)

where c is the concentration of components in the liquid phase; Ksp is the solubility product of the new
formed crystals.26
The crystal agglomeration often occurs along with primary nucleation and crystal growth under relatively
high supersaturation during reactive crystallization. Besides the properties of surrounding solution, the crystals agglomeration depends on particle-particle and particle-fluid interactions, particle morphology and fluid
mixing. Generally, three steps are needed to obtain agglomerates: (a) the collision of two particles, (b) a sufficient time interval during which the two particles stay together with the help of the flow, and (c) the adherence of the two particles caused by supersaturation.26
The agglomeration rate, F (Li, Lj), is initially governed by a variety of effect, such as attractive force (Van
der Waals theory) and repulsive force (DLVO theory). This balance is significantly influenced by the ionic
strength of the solution. Another major effect is due to hydrodynamics or viscous interaction, which tends to
hinder the approach of colliding particles. The agglomeration rate can be expressed as the product of collision frequency function and the collision efficiency: 32,33
1/ 2
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where kB is Boltzmann constant; T is temperature; μ is dynamics viscosity; ε is turbulent energy dissipation;
v is kinematic viscosity; ψ is collision efficiency. When the crystals are sufficiently small that they neither
influence the fluid phase nor are disturbed by fluid shear, the collision frequency can be described by the
Brownian kernel. 34 When particles are sufficiently large compared to shear gradients, collision frequencies
are influenced by fluid motion. In the turbulent flow, the collision frequency of the particles can be calcu7

lated by the model proposed by Adachi et al. 35. In Equation 8, the first term inside the brackets accounts for
the Brownian collisions while the second refers to the turbulence-induced collisions.
Hounslow et al. proposed a physically-based semiempirical correlation for collision efficiency during precipitation of inorganic salts in stirred tanks.36 The collision efficiency ψ is estimated by:


Γ   / Γ 50 
 ag 

1   Γ   / Γ 50 

(9)

Γ50 and γ are parameters fitted against experimental data.32 The strength of aggregate, Γ(ε), is a function of
the energy dissipation, crystal size, apparent yield stress, density of particle, dynamic viscosity of liquid and
the growth rate of crystal:

 1/ 2G 2
Γ ( )  3 / 2 2 3 / 2
 L d3.0 

(10)

where ρL is the density of liquid phase，α is apparent yield stress，εis turbulent energy dissipation, d3.0 is the
volume mean diameter, calculated as the ratio of the 3rd and 0th-order moment.
From Jones, the breakage process is determined by the mechanical strength of crystals and the applied
force.37 According to the study of Marchisio and Fox, the crystal breakage is assumed to be caused by two
mechanisms: normal stresses (including crystal-crystal, crystal–impeller, crystal-wall collisions) acting on
the surface of the particle and disrupting stresses (including shear stresses, drag stresses and pressure) acting
on a crystal agglomerate trapped between two eddies. 38 Particle breakage rate (Rbr) can be factored into two
parts. The breakage frequency, g(Li), is the rate function for particle breakage. Daughter size distribution,
β(Li|Lj), defines the probability that a fragment of size Li is formed from the breakage of an Lj-sized particle.
Breakage rate is commonly calculated as a power law function of kinematic viscosity, turbulence dissipation,
and agglomerate size.39,40 By considering dimensional consistency, the breakage law can be reorganized in
terms of Kolmogorov length scale (η) and Kolmogorov time scale (ηT) as: 33
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where kbr and λ are dimensionless empirical constants. The fragmentation of crystals is assumed as binary
breakage. Then the daughter size distribution, β(Li|Lj) , can be written as:
2
2
3
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The parameters used in the simulation are listed in Table 1.





(12)

3. Experimental
The schematic diagram of experimental apparatus is shown in Figure 1. A laboratory MSMPR crystallizer is
applied to investigate the influence of microwave on reactive crystallization. The experiment were carried
out in a round-bottom flask with a diameter of 75mm. Magnesium carbonate, precipitated by mixing aqueous solutions of magnesium sulfate and sodium carbonate, was used as the working substance.
The microwave is emitted from a 2450MHz microwave reactor (CEM-Discover), which produces a highly
defined and homogeneous microwave field by its circular design of the waveguide to focus the microwave
energy towards the reaction vessel. The cooling system and the infrared temperature sensor on the microwave
reactor keep temperature of the crystallizer constant. Cooling air is pumped into the system by an air compressor during the crystallization process. By the adjustment of airflow rate, the heat produced by energy
input can be eliminated quickly. The temperature of the system is accurate to ±0.1℃. Thus, the crystallization processes run under consistent microwave power and fixed temperature.
To test the change and the deviation of temperature inside the reactor, a kerosene thermometer, which cannot
be heated by microwave, is used to measure the temperatures at different points inside the reactor. It is found
that the temperature keeps at 25.0℃ during the experimental process. This means that the heat generated by
microwave is removed instantly and the temperature is uniform inside the reactor.
9

Five levels of displayed power values (0W, 2W, 4W, 6W, 8W) were selected to investigate the influence of
microwave on the crystallization kinetics. Since microwave radiation has dielectric loss in the system, the
energy obtained by the liquid medium is actually smaller than the displayed value of power input. The correlation between displayed power value and the real energy input obtained by crystallization system is established by measuring the rate of temperature increase inside an isolated vessel. When the change of temperature on heat capacity is ignored, the energy input can be calculated from the arithmetic product of the temperature increase rate, the heat capacity and the solution weight in the isolated vessel. The heat capacity of
MgCO3- NaSO4 aqueous solution with different concentrations varies from 2.68 to 2.79 J∙g-1∙K-1 at 25.0℃,
which can be measured and calculated from the mixture of NaCO3 and MgSO4 solutions with the concentrations of 0.1mol/L, 0.125mol/L, 0.15mol/L, 0.175mol/L, 0.2mol/L and 0.225 mol/L respectively. The relationship between displayed power values of microwave reactor and energy inputs to different MgCO3- NaSO4 aqueous solutions is shown in Figure 2. It is found that change of salt concentrations in the solution
causes the highest calculated difference of real energy input (E) when the displayed power values of microwave reactor is 8W . The value of this difference is 0.33W, which is smaller than 5% of real energy input.
Thus, an average value of heat capacity, which is 2.74 J∙g-1∙K-1, is adopted in this experiment to calculate the
real energy input (E), in order to decrease the calculated value deviation caused by the change of heat capacity to less than 3%. The corresponding real energy input value at a given power value displayed on the microwave emitter can be obtained. When displayed power value of microwave reactor is 2W, the real energy
input value is 1.95W, 4W: 3.88W; 6W:5.83W; 8W:7.78W.
To study the crystallization kinetics, magnesium sulfate solution and sodium carbonate solution with
thesame molar concentration were added into MSMPR crystallizer at equal flow rates of 3.25 mL/min by
two peristaltic pumps. The product flow containing magnesium carbonate crystals, sodium sulfate and water,
was pumped out by another peristaltic pump with a flow rate of 6.5 mL/min. The online high-speed camera
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was used to monitor the system to obtain a constant liquid level. Six feed concentrations (0.1mol/L,
0.125mol/L, 0.15mol/L, 0.175mol/L, 0.2mol/L and 0.225 mol/L) of magnesium sulfate and sodium carbonate solutions were used in each energy input level to study the influence of microwave on crystallization
kinetics. The residence time is defined as the ratio between reactor volume and input flow rate. During the
process, the temperature was kept at 25℃ and the agitation rate was maintained at 300 rpm. The system was
operated for ten residence times to achieve the steady-state condition.
The sample of MgCO3 crystals was analyzed by a BECKMAN COULTER TM particle size analyzer. In order
to ensure the repeatability of measurement, PSD of three parallel samples from experiments under identical
operating conditions were taken and tested. The Sauter Mean Diameter of crystals (d32), defined as the ratio
between third and second-order of moments, is used as the indicator for repeatability test. It is found that the
highest difference of d32 value between different measurements is less than 5%. Thus, the measurement results has high consistency. Meanwhile, the concentration of Mg2+ in steady-state solution was obtained by
titration with EDTA. The intermediate value of d32 in three measurements together with concentration of
Mg2+ were selected as experimental data for validation of the modeling results.

4. Results and discussion
From the presented model of reactive crystallization, Mg2+ concentration in the liquid phase and d32 of crystal product were predicted at different feeding concentrations and microwave energy inputs. The unknown
parameters for crystallization (kn, n, kg, g and kbr) were fitted against the experimental data with least
squares method (lsqnonlin function) in Matlab R2017a. The objective function of the fitting algorithm is defined as:

F  w1

d 32,mod  d 32,exp
d 32,exp

 w2

cMg ,mod  cMg ,exp

(13)

c mg ,exp
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where subscripts mod and exp represent the modelling and experimental results respectively; w1 and w2 are
weighting factors for d32 and cMg. In addition, the parameter fitting results could be very sensitive if there
was a significant magnitude difference between variables. Therefore, nondimensionalization is performed by
introducing average experimental values in Eq.(13). The nonlinear least squares fitting procedure can be
carried out as:



min F  x  2  min F1  x   F2  x   ...  Fn  x 
2

x

x

2

2

2



(14)

where x is the vector of unknown parameters; n is the total number of experiments used for parameter fitting.
After giving initial values, the final parameters with 95% confidence intervals were obtained and presented
in Table 2.
The experimental results and the prediction of Mg2+ concentration in steady-state solution as a function of
the inflow concentration are shown in Figure 3. As regards the feeding concentration, it is observed that feed
solution with higher concentration pumped into the reactor during a given time interval leads to a raise of
Mg2+ concentration, which determines the supersaturation of crystallization.

According to the mass bal-

ance of components, the feeding contributes to the accumulation of the amount of Mg2+ while discharging
and crystal mass depostion during crystallization cause the decrease of Mg2+. It can be deduced that the effect of feeding procedure on the steady state concentration of Mg2+ prevails over the influence of discharging and crystallization under the investigated operating conditions. In respect of microwave, the concentration of Mg2+ in steady-state solution decreases with an increasing microwave energy input at a given inflow
concentration. According to previous studies,20,21,22 the diffusion coefficient of system is enhanced significantly by the microwave electromagnetic effect. Thus, the mass transfer rate of MgCO3 units from solution
to crystal surface should be increased accordingly. Meanwhile, the rate of solid deposition, namely surface
integration, governed by the diffusion and collision process of Mg2+ and CO32- should be enhanced as well.
Therefore, the higher microwave power input causes the decrease of concentration in steady-state solution.
12

The above phenomenon is similar to the observation in Ji et al. s’ works.18,19
The experimental results and the prediction of d32 under various inflow concentrations and energy inputs are
shown in Figure 4. The results show that inflow with higher concentration produces crystals with larger size.
The reason of this phenomenon is the increase of superasuration, which improves both the crystal growth
rate and the agglomeration rate between crystals in the system. In addition, d32 of MgCO3 crystals is also
affected by microwave. With the increase of microwave energy input, d32 is increased significantly at a given inflow concentration. Since the diffusion coefficient is increased significantly, both the collision rate between Mg2+ and CO32- to form MgCO3 crystal units and the diffusion process of MgCO3 units to crystal surface, namely crystal growth, can be accelerated simultaneously in microwave field. According to Equation 9
and Equation 10, the collision efficiency, dominating the agglomeration rate, is proportional to crystal
growth rate. Similar result can be found in the study of Mersmann that the agglomeration rate is directly
proportional to the diffusivity of units. 26 The increase of agglomeration rate leads to larger crystals. Therefore，d32 grows with the increase of microwave energy input.
From Figure 3 and 4, it can be concluded that both of the microwave and feeding concentration have a
strong influence on the steady state concentration of Mg2+ and the size of final crystal products. Moreover,
the presented model is capable of predicting the experimental results of reactive crystallization under microwave field. The parameters obtained from this model, including the nucleation rate constant (kn), the exponent of nucleation (n), the growth rate constant (kg), the exponent of growth (g), and the breakage rate
constant (kbr), are reliable.
The concentrations of Mg2+ in steady-state solution and Sauter Mean Diameters (d32) with the inflow concentrations of 0.1mol/L, 0.125mol/L, 0.15mol/L, 0.175mol/L, 0.2mol/L and 0.225 mol/L are used to fit the
crystallization kinetic parameters at each microwave energy input level. The crystallization kinetic parameters (with 95% confidence intervals) obtained from the simulation are listed in Table 2. From Table 2, it is
13

observed that the ranges of 95% confidence intervals are distributed on the second or the third digit position
of the kinetic parameters. This proves that the simulation results and experimental data have high consistency.
As it is shown in Table 2 and Figure 5, the nucleation rate constant (kn) increases quickly with the increase
of energy input from 0W to 7.78W. This is to be expected as the diffusion coefficient (DAB) rises with the
energy input in line with an Arrhenius term.22 However, the trend line of the nucleation rate constant (kn)
plotted against microwave energy inputs (E) partially deviates from Arrhenius form, which means the microwave effect on kn is interfered in crystallization system. According to the study of Zou et al.,28 the existence of inorganic salt results in the enhancement of dielectric and magnetic losses in the solution. From the
observation of Figure 3, the concentration of Mg2+ decreases quickly with the increase of microwave energy
input. Thus, the suspension density of MgCO3 increases synchronously. The solution with higher solid suspension density could absorb more energy from microwave input. After first nucleation stage, this phenomenon shields the effect of microwave on nucleation rate at high energy input levels.
From Table 2, it is observed that the exponent of nucleation (n) remains constant or changes only slightly.
This result is consistent with the former study,41 claiming that microwave does not increase the exponent of
nucleation significantly during neither homogeneous nucleation nor heterogeneous nucleation.
The growth rate constant (kg) as a function of microwave energy inputs (E) is shown in Figure 6. It can be
observed that the growth rate constant (kg) rises with the increasing microwave energy input. The above
phenomenon is also caused by diffusion process acceleration, which leads to the increase of the collision rate
between Mg2+ and CO32-. Meanwhile, the diffusion process of units transporting from the bulk of the fluid
phase through a stagnant film to the solid surface is increased either. With the compound action of the electromagnetic shielding effect caused by MgCO3 crystals and diffusion acceleration caused by microwave, the
trend line of kg plotted against microwave energy inputs (E) forms a concave curve.
14

The plots of the exponent of growth (g) vs microwave energy input (E) are shown in Figure 7. The exponent
of growth (g) decreases from 1.52 to 1.09 quickly with the increase of energy input (E) from 0W to 7.78W.
Mullin and Mersmann reported that the inorganic salts crystallization from aqueous solution gives an overall
exponent of growth, in the range of 1 to 2.

26, 42

When g approaches 1, the crystallization process is con-

trolled by the diffusional operation, and when g approaches 2, the crystallization process is controlled by the
surface integration. With the increase of microwave energy input from 0W to 7.78W, the exponent of growth
(g) decreases from 1.52 to 1.09. This means that with the energy input increase, the crystal growth is increasingly limited by diffusion process. Two reasons may cause above phenomenon. Firstly, according to
Mullin and Mersmann,26, 42 the process of unit integration into the lattice can be considered as a surface reaction process. Since microwave increases both the reaction rate and mass transfer, from the change of the
exponent of growth (g) with microwave energy input, it can be conclude that the reaction rate increases
more quickly with energy input than the mass transfer in microwave field. Secondly, the Mg2+ concentration
decreases with the increase of microwave energy input. This means the concentration of MgCO 3 units in the
bulk solution falls. The MgCO3 units must firstly be transported by diffusion from the bulk of the solution to
the immediate vicinity of the crystal surface, and then, integrate to the kink on the crystal surface. Because
the units transported to the immediate crystal surface are not sufficient, the kink density becomes relatively
high. Therefore, crystal growth is controlled by diffusion process.
The influence of energy input on Mg2+ concentration and d32 shows that the crystal growth rate increase with
rising microwave energy input. This is to be expected on account of the mass transfer increase. Despite the
decrease of the exponent growth (g), the increase of the growth rate constant (kg) still speeds up the crystal
growth in microwave field.
From Table 2, it can be observed that the breakage rate constant (kbr) remains constant or only changes
slightly. This means that microwave does not influence the breakage process during the crystallization pro15

cess. Since microwave is a kind of electromagnetic wave, which cannot enhance the turbulent intensity in
crystallization system, the impact-induced stresses and fluid-induced stresses remain unchanged after microwave is applied to crystallization system. Consequently, compared to agitation, microwave provides a
proper solution to increase the diffusion process while avoiding breakage of crystal agglomerates during the
reactive crystallization.
The change of collision efficiency (ψag) at various energy inputs during crystallization process is shown in
Figure 8. From this figure, it is observed that ψag is enhanced significantly by the increasing energy input.
Thus, the agglomeration between crystals is enhanced after microwave is applied to the system. The agglomeration rate constant can be calculated as the product of collision efficiency and collision rate constant.
Collision efficiency depends on the ability of two newly collided particles to cement themselves together. 36
Thus, both the growth rate of crystals and the mass diffusion process may influence the collision efficiency.
From Mersmann,26 the agglomeration depends on kinetic processes, mainly crystal growth, in supersaturated
solutions. This conclusion concurs with Equation 9 and 10. From Equation 10, the crystal growth rate (G)
determines the strength of aggregate (Γ). During initial stage of reactive crystallization, a significant increase
of the strength of aggregate (Γ) caused by faster crystal growth in presence of microwave may enhance the
collision efficiency towards 1. This means two newly collided particles have more chance to cement themselves together. Thus, the increased microwave energy input leads to a higher collision efficiency.
To verify the above analysis of microwave effects on nucleation, crystal growth, breakage and agglomeration during crystallization process, three crystal SEM images with similar magnitude of enlargement are
compared in Figure 9. In this figure, Image A and B include crystals with the inflow concentration of 0.1
mol/L, but the energy input of 0W and 7.78W respectively. Image C includes the crystals from experiments
with the inflow concentration of 0.225 mol/L and the energy input of 7.78W.
It is observed from this figure that majority of monocrystals in Image A are smaller than monocrystals in
16

Image B. This indicates that the sizes of monocrystals increase with energy input. Meanwhile, the size of
monocrystals in Image C rise with the enhancement of both supersaturation and microwave energy input.
When the inflow concentration is 0.1 mol/L, with the enhancement of microwave energy input from 0W to
7.78W, the value of collision efficiency is increased from 0.65 to 0.77. With the increase of collision efficiency, the monocrystals have more tendency to agglomerate. Based on the visual classification method developed by Faria et al43, it is observed that majority of crystals in Image A can be defined as small agglomerates and medium agglomerates. However, in Image B, the complexity of agglomerates crystals increases
from small and medium to large. Since the agglomeration degree increases with the increase of the complexity of the crystal44, it can be concluded that the monocrystals tend to agglomerate after microwave is introduced to the system. From the comparison between Image C and A, it is found that with the increase of supersaturation, the complexity of agglomerated crystals increases from small and medium to large as well.
The crystals also have a strong tendency to agglomerate in high supersaturated solutions
In general, the SEM observations in Figure 9 concur with the experimental and simulation results of crystal
size in Figure 4. Thus, the effect of microwave field on the reactive crystallization are verified. In addition,
the mathematical model proposed for reactive crystallization as well as the kinetics parameters fitted against
experimental data are reliable.
5. Conclusion
This paper shows a quantitative study of microwave field on reactive crystallization at fixed temperature. A
population balance model coupled with corresponding experimental validations are used to investigate the
influence of microwave on nucleation, growth, agglomeration and breakage during crystallization processes.
A general high-order moment conserving method of classes (HMMC) is adopted to solve the model numerically. The parameters for MgCO3 crystallization (kn, , n, kg, g and kbr,) were fitted against the experimental
data by the least square method with 95% confidence intervals.
17

It is found that the exponent of nucleation (n) and the breakage rate constant (kbr) remain constant or change
only slightly under microwave of various intensities. However, the nucleation rate constant (kn), the growth
rate constant (kg) and the collision efficiency（Ψag）increase significantly with higher microwave energy input.
Furthermore, the growth rate exponent (g) decreases. The reason for above phenomena is the increase of
mass transfer rate in microwave field. Therefore, compared to agitation, microwave provide a proper method
to improve the crystal growth while avoiding particle breakage in crystallization system. Compared with
cleared solution, a higher microwave energy input is required to achieve the same enhancement of crystal
growth due to the electromagnetic shielding effect caused by the increasing suspension density of MgCO3
crystals during crystallization. The above conclusions are further proved by the comparison of SEM images
of crystals formed under different microwave energy inputs and the inflow concentrations.

Notation
α

=

apparent yield stress

ε

=

turbulent energy dissipation

ρ

=

density

μ

=

dynamics viscosity

v

=

kinematic viscosity

ψ

=

collision efficiency

η

=

Kolmogorov length scale

ηT

=

Kolmogorov time scale

Γ

=

strength of aggregate

τ

=

residence time
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β(Li|Lj)

=

the daughter size distribution

χ(Li, Lj, Lk)

=

agglomeration table

ξ(Li, Lj)

=

growth table

Ω(Li)

=

nucleation table

B(Li, Lj)

=

breakage table

=

concentration

F (Li, Lj)

=

agglomeration rate

fv

=

volume shape factor

fs

=

surface shape factor

g

=

the exponent of growth

G

=

crystal growth rate

g (Li)

=

breakage frequency

JN

=

nucleation rate

Ksp

=

solubility product

c

kB

= Boltzmann constant

kn

=

nucleation rate constant

kg

=

growth rate constant

L0

=

particle size distribution

L

=

particle size

m2

=

2nd-order moments of size distribution

n

=

the exponent of nucleation

Q

=

flow rate

Rc

=

crystal mass deposition rate
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S

=

supersaturation

T

=

temperature

V

=

volume

w1

=

weighting factors for d32

w2

=

weighting factors for cMg

x

=

the vector of unknown parameters

Y

=

particle number density

ag

=

agglomeration

br

=

breakage

disp

=

dispersion

exp

=

experimental results

i, j, k

=

index of particle size class

in

=

inflow rate

L

=

liquid phase

mod

=

modelling results

out

=

outflow rate

subscripts
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Figures:

Fig. 1. The schematic diagram of the experimental set-up.
1. High speed camera

2. Microwave reactor

3.Top cover

4. Peristaltic pump

5. Crystallizer

6. Microwave cavity

7. Magnetic stirrer

8. Air compressor

9. Computer

10. Solution storage beaker
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Fig. 2. Displayed power values of microwave reactor (P) vs. energy input (E) in solutions with
0.1mol/L, 0.125mol/L, 0.15mol/L, 0.175mol/L, 0.2mol/L, 0.225mol/L input concentrations of MgCO3
solutions and NaSO4 solutions
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Fig. 3. The experimental results and the prediction of Mg2+ concentration in steady-state solution as a
function of inflow concentration at various energy inputs
--- and ○: The modelling curve and the experimental data with 0W, respectively
--- and △ :The modelling curve and the experimental data with 1.95W, respectively
--- and ☆: The modelling curve and the experimental data with 3.88W, respectively
--- and▽: The modelling curve and the experimental data with 5.83W, respectively
--- and＋: The modelling curve and the experimental data with 7.78W, respectively
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Fig. 4. The experimental results and the prediction of d32 as a function of inflow concentration at various energy inputs

--- and ○: The modelling curve and the experimental data with 0W, respectively
--- and △ :The modelling curve and the experimental data with 1.95W, respectively
--- and ☆: The modelling curve and the experimental data with 3.88W, respectively
--- and▽: The modelling curve and the experimental data with 5.83W, respectively
--- and＋: The modelling curve and the experimental data with 7.78W, respectively
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Fig. 5. The nucleation rate constant (kn) as a function of microwave energy inputs (E)
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Fig. 6. The growth rate constant (kg) as a function of microwave energy inputs(E)

30

Fig. 7. The exponent of growth rate (g) as a function of the microwave energy input (E)
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Fig. 8. The collision efficiency（Ψag）as a function of microwave energy inputs (E)
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B

A

C
Fig. 9. The SEM images of MgCO3 crystals with various microwave energy inputs and inflow concentrations
A: with the energy input of 0W and the inflow concentration of 0.1 mol/L
C: with the energy input of 7.78W and the inflow concentration of 0.1 mol/L
E: with the energy input of 7.78W and the inflow concentration of 0.225 mol/L
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Tables：

Table 1 Initial process parameters and physical properties of system
Initial parameters

Values

Units

ε

4.61×10-2

J/kg/s

ρL

998.2

kg/m3

ρMgCO3

2.96×103

kg/m3

kbr

6.0×10-5

-

T

298

K

γ

0.74

-

Γ50

0.63

-

α

1.50×1011

Pa

fv

π/6

-

fs

π

-

Ksp

6.82

mol2·m-6

Qin

3.25×10-7

m3/s

Qout

6.50×10-7

m3/s
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Table 2 Different microwave energy input vs the crystallization kinetic parameters obtained from
simulation

Energy input(E)

0W

1.94W

3.87W

5.81W

7.78W

g

1.52±0.05

1.41±0.02

1.32±0.01

1.15±0.03

1.09±0.02

n

6.01±0.04

6.09±0.07

6.03±0.02

6.04±0.06

6.05±0.03

(0.81±0.03)×
108
(0.92±0.03) ×
10-10

(1.08±0.05) ×
108
(1.32±0.02)×
10-10

(3.05±0.07) ×
108
(1.81±0.01)×
10-10

(4.13±0.09) ×
108
(3.32±0.03)×
10-10

(5.02±0.07) ×
108
(4.61±0.04)×
10-10

Ψag

0.65±0.02

0.66±0.01

0.71±0.03

0.72±0.02

0.77±0.03

kbr

0.51±0.02

0.53±0.01

0.52±0.02

0.51±0.01

0.51±0.02

kn
kg
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