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Crystallization is employed in different industrial processes. The method and operation can 

differ depending on the nature of the substances involved. The aim of this study is to examine 

the effect of various operating conditions on the crystal properties in a chemical engineering 

design window with a focus on ultrasound assisted cooling crystallization. Batch to batch 

variations, minimal manufacturing steps and faster production times are factors which 

continuous crystallization seeks to resolve. Continuous processes scale-up is considered 

straightforward compared to batch processes owing to increase of processing time in the 

specific reactor. In cooling crystallization process, ultrasound can be used to control the 

crystal properties. 

 

Different model compounds were used to define the suitable process parameters for the 

modular crystallizer using equal operating conditions in each module. A final temperature 

of 20oC was employed in all experiments while the operating conditions differed. The 

studied process parameters and configuration of the crystallizer were manipulated to achieve 

a continuous operation without crystal clogging along the crystallization path. The results 

from the continuous experiment were compared with the batch crystallization results and 

analysed using the Malvern Morphologi G3 instrument to determine the crystal morphology 

and CSD. 

 

The modular crystallizer was operated successfully with three different residence times. At 

optimal process conditions, a longer residence time gives smaller crystals and narrower 

CSD. Based on the findings, at a constant initial solution concentration, the residence time 

had clear influence on crystal properties. The equal supersaturation criterion in each module 

offered better results compared to other cooling profiles. The combination of continuous 

crystallization and ultrasound has large potential to overcome clogging, obtain reproducible 

and narrow CSD, specific crystal morphologies and uniform particle sizes, and exclusion of 

milling stages in comparison to batch processes.  
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NOMENCLATURE 

Symbols 

𝐴  Crystal surface area, m2       

𝐴ℎ  Preexponential factor for nucleation rate, 1/(m3.s)     

𝐴𝑖  Internal cross sectional area of the pipe or hose connector, m2  

𝐵0  Nucleation rate, 1/(m3.s)       

𝐵0  Primary nucleation rate, 1/(m3.s)      

𝑐  Solute concentration, kg of solute/m3 of solvent     

𝑐∗  Saturation concentration at equilibrium, kg/m3     

𝑐1,2  Solution concentration of initial and new configuration, kg/m3 

𝑐𝑖,𝑓  Initial and final solution concentration, kg of solute/m3 of solvent 

𝐷 [3, 2] Sauter mean diameter, m 

𝐷 [4, 3] De Brouckere mean diameter, m 

𝐷 [𝑣, 0.5] Median crystal diameter, m 

𝑓(𝜑)  Factor accounting for diminishing energy barrier    

𝑔  Acceleration due to gravity, m/s2 

𝐺  Growth rate, m/s 

𝑖  Relative kinetic order (nucleation and growth order ratio)   

𝑗  Suspension density exponent       

𝑘  Boltzmann’s constant, 1.381 × 10−23 J/K      

𝐾𝑅  Nucleation rate constant, 1/m3.s.(kg/m3)j.(m/s)i    

𝐿  Characteristic crystal length, m 

𝑀𝑇  Suspension density, kg/m3 

𝑛(𝐿)  Population density distribution, 1/m4      

𝑁(𝐿1, 𝐿2) Numbers data distribution between size range L1 and L2, 1/m3   

𝑄  Volumetric flow rate, m3/s 

𝑟  Radius of the nucleus, m 

𝑟𝑐  Radius of the critical nucleus, m      

𝑅𝐺   Increase in mass per unit time per unit surface area, kg/m2.s    

𝑆  Supersaturation ratio 

So  Molar entropy, J/mol.K 

𝑇  Solution temperature, K 
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𝑡𝑔  Noticeable nucleus growth time, s 

𝑡𝑖𝑛𝑑  Induction time, s 

𝑡𝑛  Nucleation time, s 

𝑡𝑟  Relaxation time, s 

𝑉  Volume of the crystallization path, m3 

𝑉𝑠1,𝑠2  Volume of solvent used in different configurations, m3 

𝑣𝑓  Flow velocity, m/s        

𝑣𝑠  Settling velocity, m/s        

𝑊𝐷  Mass of dry crystals, kg 

𝑊𝑠  Mass of solvent used in the experiment, kg 

𝑊𝑤  Mass of wet crystals, kg 

𝑌  Theoretical yield, kg 

 

∆𝑐  Supersaturation or Concentration driving force, kg of solute/m3 of solvent 

∆𝐺  New phase formation’s free energy change, J 

∆𝐺𝑐𝑟  Critical free energy for nucleation, J 

∆𝐺ℎ𝑒𝑡  Heterogeneous nucleation free energy change, J 

∆𝐺ℎ𝑜𝑚  Homogeneous nucleation free energy change, J 

∆𝐺𝑠  Nucleus surface formation’s free energy change, J 

∆𝐺𝑣  Free energy change for the phase transformation, J 

∆𝐺𝑣𝑖𝑠𝑐  Free energy due to viscous effects, J 

∆𝑇  Temperature difference, oC 

 

Greek symbols 

𝛼  Volume shape factor        

𝛽  Area shape factor        

𝛾  Interfacial tension, N/m       

𝜃  Crystal contact angle, o       

𝜇  Dynamic viscosity of solvent, Pa.s     

𝑣  Molecular volume, m3/kg       

𝜌  Crystal density, kg/m3        

𝜌𝑓  Density of solvent, kg/m3       
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𝜌𝑝  Density of particle, kg/m3       

𝜎  Relative supersaturation       

𝜏  Residence time, s        

𝜙  Contact angle factor        

 

Abbreviations 

API  Active Pharmaceutical Ingredient 

CE  Circular Equivalent 

CSD  Crystal Size Distribution 

FDA  Food and Drug Administration 

HPMC  Hydroxypropylmethylcellulose 

HS  High Sensitivity 

MC  Moisture Content 

ML  Mother Liquor 

MSMPR Mixed-Suspension Mixed-Product Removal 

MSZW Metastable Zone Width 

PAT  Process Analytical Technology 

PSD  Particle Size Distribution 

SDU  Sample Dispersing Unit 

SE  Sphere Equivalent 

STP  Standard Temperature and Pressure 
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1 INTRODUCTION 

 

1.1 Background of the study 

Crystallization processes have direct and indirect impacts on humans from the history of 

humanity (Schoen, Grove and Palermo 1956) and large variety of industries use this process 

in their operations due to its relevance in separation and purification. Pharmaceuticals, bulk 

chemicals, waste water, food processing, fine chemicals and mineral processing are few 

industries that utilize crystallization operations at different manufacturing stages. In the 

pharmaceutical industry, “about 90% of active pharmaceutical ingredients (API) are crystals 

of small organic molecules” (Alvarez and Myerson 2010). Continuous crystallizers are more 

beneficial in large scale operations as it offers faster production time, easy scale up and 

minimized number of manufacturing stages. Cooling has been employed for the 

crystallization of substances having temperature dependent solubility. Ultrasound in 

crystallization offers more positive impact to the process as it aids nucleation even for 

crystallization resistant compounds like sugar syrups (Sander, Zeiger and Suslick 2014). 

Richards and Loomis (1927) first reported the effect of ultrasound in different processes 

though achieved limited results on crystallization. At low supersaturation, power ultrasound 

induces nucleation thereby significantly minimizing the induction time. 

 

Similar studies have been carried out using ultrasound in different crystallization methods 

but the idea of this technology remains novel. This is due to the fact that there have been 

very scarce accessible studies on an ultrasound assisted modular continuous crystallizer. 

Zhang et al. (2014) observed uniform products and better manufacturing proficiency when 

they used process analytical technology (PAT) tools to apply continuous reactive 

crystallization in the integrated continuous manufacturing of aliskiren hemifumarate. 

Tubular continuous oscillatory baffled crystallizer offered easy scale up and very significant 

drop in time necessary for delivering the isolation of their model active pharmaceutical 

ingredient (API) compared to the conventional batch process (Lawton et al. 2009). However, 

in a close study by Furuta et al. (2016), it was observed that crystallization with sonicated 

continuous tubular crystallizer attained smaller crystal size compared to semi-batch 

crystallizers when using pH swing crystallization mode in the manufacturing process of an 

API. The significant difference of the study presented in this thesis with others includes the 
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configuration of the crystallizer module, and the combination of continuous crystallization 

and ultrasound. The crystallizer operation and configuration offers large potential to 

overcome clogging and suspension pumping issues. More so, specific crystal morphologies, 

uniform particle sizes and, narrow and reproducible crystal size distributions can be 

obtained. 

 

1.2 Objectives, scope and delimitation of the study 

The main aim of this study is to understand the effect of different operating conditions on 

the crystal properties in a chemical engineering design window with a focus on ultrasound 

assisted cooling crystallization. A modular continuous crystallizer is employed in this study. 

The continuous crystallizer is built into several modules made up of pipes in an ultrasonic 

bath. In other words, the research aims to identify the process parameters, proper 

experimental arrangement and feasible operations of the modular continuous crystallizer. 

Thus, the study focuses on organizing the right equipment connection necessary for an 

operational system to enable experimental runs and identifying the main parameters that 

affect the system. The process parameters can be manipulated to ensure successful 

experimental operation of the modular continuous crystallizer. The product parameters in 

this study are the crystal size distribution, crystal size and crystal habit. 

  

A successful run is referred to a continuous crystallization experiment carried out at a fixed 

process condition without crystal clogging along the crystallization path. Easy scale up of 

the continuous crystallization process, production time optimization, reduced induction time 

and cost effective process are few advantages of this modular continuous crystallizer 

compared to a batch or a conventional continuous process. Potential applications for this 

kind of technology is available in the pharmaceutical industry and in fine chemical industries 

(Tung et al. 2009).  

 

The results are limited to basically the specific model compounds as they may possibly vary 

when considering other inorganic substances with different solubility and, organics with 

different solubility and functional groups. The operations within the modules are basically 

assumed and not physically observed, and as such the right location of crystal clogs could 

not be identified in a particular module for an unsuccessful run. 
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1.3 Research methodology 

Continuous cooling crystallization of aqueous solutions of the studied compounds was 

carried out using three modular crystallizers connected in series. The effect of residence 

time, supersaturation ratio and equal cooling profile selection conditions, on the organic and 

inorganic materials at different cooling ranges has been studied. Control experiments with 

conventional batch crystallizer using programmed linear cooling were also used in 

comparison with results from the continuous operation. Equal supersaturation, temperature 

difference and supersaturation ratio in each module were the conditions which were used in 

selecting the cooling profile. The model organic compounds used were benzoic acid and 

phthalic acid, while potassium sulphate and copper sulphate were the model inorganic 

compounds. The product crystals from each successful experimental run were analysed 

using the Morphologi G3 instrument which uses the static automated imaging technique to 

measure the shape and size. The experimental approach employed in this study can be used 

as a support in the Process Analytical Technology (PAT) framework of the Food and Drug 

Administration (FDA) for carrying out innovative pharmaceutical development, 

manufacturing and quality assurance (CDER 2004). Hence, the experimental approach can 

result to efficient production of active ingredients of desired crystal size and quality in 

comparison to traditional batch processes. A hybrid approach was also used in data 

interpretation and analysis to provide a holistic understanding of the findings in relation to 

the theories. Hybrid approach is the process of using proven theoretical constructs to validate 

the conclusions (Saunders, Lewis and Thornhill 2009). 

 

1.4 Structure of the study 

The study is organized in a way to aid better understanding and achieve the necessary goals 

as shown in Figure 1. This work has been divided into theoretical and experimental parts. In 

the theoretical part involving literature, the research topic, background and objectives were 

introduced. The literature also covers review and principles that governs crystallization 

thermodynamics and kinetics, influence of ultrasound, crystal morphology and size 

distribution, as well as crystallization outcomes of studied compounds. The crystallization 

methods, its solubility dependence and its operating modes were discussed considering the 

factors which influence the theory. Crystal growth and nucleation induced by ultrasound in 

this study forms the basis of the kinetics. The experimental part describes the techniques 
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employed in achieving the experimental goals of this study. The unsuccessful runs were also 

reported to determine the process boundaries for successful runs. The samples of the 

successful runs were properly analysed with the Morphologi G3 software to compare the 

crystal size, crystal size distribution (CSD) and crystal habit, using images and aspect ratio. 

Discussions on the results with conclusions and suggestions for continual study have been 

included.  

 

  
Figure 1. Structure of the thesis 
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2 CONCEPT OF CRYSTALLIZATION 

A separation and purification technique where solid crystals precipitate from a solution 

based on the mass transfer of solutes from its parent solution to its pure solid crystalline state 

can be referred to as crystallization (Geankoplis 2003). It is an important process in most 

chemical industry. Crystal production is dependent on the crystallization mode employed. 

Crystallization is an important unit operation heavily utilized in several industries such as 

biorefineries, food, pharmaceutical, pulp and paper, agrochemical industries. 

 

High selectivity due to crystal lattice regularity, minimal cost of labour, environmental 

acceptability, low energy usage, azeotropes separation, solid-liquid phase equilibrium and 

ability to substitute traditional chemical separation methods are some common 

characteristics of crystallization (Louhi-Kultanen 2014). According to Mullin (2001), the 

creation of supersaturated solution, nucleation and crystal growth are the main distinctive 

phases that occur in crystallization.  

 

2.1 Crystallization methods 

The solubility of components in a mixture determines the technique to be employed. 

Supersaturation is the driving force for crystallization (Mullin 2001). In industrial 

applications, various crystallization techniques exist which includes: solution crystallization, 

melt crystallization, precipitation and sublimation (Mullin 2001). The commonly used 

solution crystallization methods are evaporative crystallization, cooling crystallization, 

reactive crystallization and precipitation with antisolvent. Different solvent compositions of 

a solution may deter or aid specific crystal growth and hence produce crystals of proper 

morphology. 

 

2.1.1 Evaporative crystallization 

Solvent evaporation is one technique used to achieve solution supersaturation when the 

solutes solubility in the solvent is not really dependent on the temperature of the solution 

(Mullin 2001). Concentration increase by distillation or evaporation is a known technique 

for supersaturation increase and crystallization initiation (Tung et al. 2009). Evaporative 

crystallization is preferred for non-degradable compounds from oxygen and air can be used 

to aid solvent evaporation. According to Tung et al. (2009), evaporative crystallization of 
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organic compounds is mostly carried out in a batch or semi-batch mode though continuous 

and semi-continuous modes are possible. An evaporative crystallization operation is 

considered to be in semi batch mode when the solvent is removed within a fixed time with 

changes affecting the critical parameters whereas when the process conditions are 

unchanging during the operation, it is considered to be in semi-continuous mode. Solvent 

evaporation can be carried out at low pressure or at atmospheric pressure when the stability 

of the solute is not compatible with the necessary atmospheric distillation temperature (Tung 

et al. 2009). Examples of aqueous solutions that utilize solvent evaporation for 

crystallization include: potassium sulphate, terephthalic acid, ammonium sulphate, salicylic 

acid, potassium carbonate, sodium chloride, ammonium sulphate (Mersmann 2001).  

 

A key advantage of evaporative crystallization is the possibility of combining it with other 

crystallization methods like cooling crystallization, crystallization with antisolvent, reactive 

crystallization, solvent change and simultaneous crystallization. Variations in batch to batch 

performance, energy consumption, scale up unpredictability, difficulty in seed point 

determination and manipulation of average particle size and PSD, are several drawbacks of 

this crystallization technique (Tung et al. 2009). 

 

2.1.2 Cooling crystallization 

Cooling crystallization is mainly carried out for solutions having high temperature dependent 

solubility. This is based on the temperature change of the solution. Cooling crystallization is 

done in batch and continuous operation modes. At reasonably low solubility at the end of a 

cooling process, the anticipated crystallization degree can be realized only by cooling (Tung 

et al. 2009). Higher cooling rates bring about faster supersaturation which can be utilized 

during nucleation rather than in crystal growth.  

 

Maximum supersaturation takes place at the coldest points of the crystallizer with a 

possibility of scaling or encrustation. Natural uncontrolled cooling tends to give wide range 

of crystal sizes because of unequal supersaturation throughout the crystallizer thus it is 

necessary to control the cooling. To ensure that the target crystal size distribution is met, 

there should be a precise control of the cooling rate (Mettler-Toledo 2016). For materials 

having stable polymorphs at different temperatures, crystallization via cooling may not be 
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advisable as it results to easy polymorph transformation or uneven crystal morphology 

(Saranteas et al. 2005). 

 

This method can be applied in several industrial processes where the materials involved have 

temperature dependent solubility. One key advantage of cooling crystallization is its 

reversibility. Aqueous solutions that have high temperature dependent solubility include for 

example: copper sulphate, potassium nitrate, citric acid, ammonium nitrate, urea, sodium 

nitrate, thiourea (Mersmann 2001). More review on cooling crystallization has been further 

discussed alongside the operation modes. 

 

2.1.3 Reactive crystallization 

This technique involves inducing the supersaturation of a crystallization compound by a 

chemical reaction. It can also be referred to as precipitation. The chemical reaction of the 

components of the mixture yields a precipitate compound and a soluble side product. In this 

technique, crystal nuclei are formed in large amount and the crystallization process is hardly 

controlled due to really fast crystallization (Mersmann 2001). 

 

The product can be a salt of a complex compound resulting from neutralization reactions or 

reactions involving two organic compounds. The diagram in Figure 2 shows the precipitation 

formation process. High supersaturation and nucleation are observed in this technique due 

to the fact that crystal growth rate and mass transfer rates to the crystals are much slower 

compared to the reaction rates. Immediately the reactants are mixed, primary nucleation 

begins quickly at only very high supersaturation (Tung et al. 2009).  
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Figure 2. Schematic precipitation process transients (Wachi and Jones 1995) 

 

Also, Wachi and Jones (1995) showed from Figure 2 that the reaction and mass transfer 

involved from the reactant mixing induces supersaturation. Nucleation and growth of 

crystals occurs with high supersaturation since the precipitation product is not soluble 

whereas the reagents are quite soluble. Agglomeration also occurs because of the large 

amount of crystals that are formed at high supersaturation. When nanocrystals are the interest 

in precipitation, strong supersaturation leading to high primary nucleation rates are created 

by high reactant concentration, prevention of agglomeration by control of pH and use of 

surfactants. More so, dilution or quick quenching in a bid to halt growth and quick 

macromixing at the reactant feed point to enable a fast chemical reaction, can generate strong 

supersaturation to produce nanocrystals. For coarse products in a precipitation process, low 

supersaturation is created using low reactant concentration, good precipitator macromixing 

and seeding by high rate of slurry recycling (David and Klein 2002). 

 

2.1.4 Precipitation with antisolvent 

Antisolvent is used to decrease solute solubility in solutions which then induces 

crystallization. Crystals are derived from solutions by introduction of antisolvents which aids 

the manipulation of crystal properties and morphology (Park and Yeo 2012). The nucleation 

and crystal growth rate can be altered by the chemical and physical properties of the 

antisolvent (Lonare and Patel 2013). Furthermore, Park and Yeo’s (2010) research showed 



17 

 

that the crystal formation mechanism is highly affected by crystallization experimental 

parameters which also control the crystal properties like size and its distribution.  

 

Antisolvent precipitation involves dissolution (creation of the suspension) and precipitation. 

Dependent on process conditions, minimal mechanical energy is needed and the produced 

crystals may be amorphous or crystalline. In general, there are non-toxic surfactants 

available which are hydrophilic stabilizers that are absorbed on the crystal surface to impede 

the growth of crystals. An example of antisolvent is hydroxypropylmethylcellulose (HPMC). 

In preparation of micro to nano-sized drug particles, one effective method of separation and 

purification is antisolvent crystallization according to Xia et al. (2010).  

 

Crystal growth rate has to be manipulated to control crystal size for crystalline particles 

(Chan and Kwok 2011). One main disadvantage of this method of crystallization is that there 

is a tendency for wide crystal size distribution due to very fast growth rate and inability to 

successfully conserve the size of crystals formed immediately after precipitation. 

 

2.2 Crystallization operations 

 

2.2.1 Batch crystallization 

Crystallization operations in batch mode are utilized where production rates are quite small, 

where losses should be minimal and components in use are not cheap (Bennett 2002) like in 

manufacturing of Active Pharmaceutical Ingredients (APIs). Batch crystallization is more 

economical to multistage crystallizers in series in applications where general vapour 

compression tools are necessary to be used for mother liquors with very low temperature. 

Bennett (2002) explains that batch crystallization offers a good application possibility for 

systems with really wide cooling ranges. Such systems include those compounds that have 

their final crystallization temperature at room temperatures or lower and those whose feed 

concentration at start up corresponds to somewhat high pressure. For these kind of systems, 

the shock resulting from mixing feed having high temperature with mother liquor of 

considerably low temperature in a continuous unit is reasonably prevented by using a batch 

crystallizer. 
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In batch cooling operations, there is a need to control the cooling rate when high 

supersaturation is not the interest. Controlled cooling helps to maintain the supersaturation 

degree in or near the region of growth because it offers a slower start up cooling rate 

compared to the natural cooling as shown in Figure 3. On that basis, the cooling rate 

increases with increasing crystal surface area (Tung et al. 2009). Controlled cooling has the 

possibility to control temperature difference across the crystallizer jacket thereby 

minimizing encrustation. Mersmann (2001) suggests that temperature difference between 

the solution being crystallized and the cooling fluid should be smaller than its metastable 

zone width (MSZW). Different cooling strategies have been defined mathematically for the 

design of cooling rates they follow. Mullin and Nyvlt (1971) used the influence of cooling 

on the system with time to mathematically define natural or uncontrolled cooling, 

programmed or controlled cooling for seeded and unseeded solutions. Mullin (2001) has 

further developed the optimum cooling strategy. 

 

 
Figure 3. Natural, controlled (constant nucleation) and size-optimal cooling modes in a batch 

crystallizer: (a) temperature profiles, (b) supersaturation profiles (Mullin 2001). 

 

Tung et al. (2009) reports that the best time for seeding is when the temperature of the batch 

immediately drops below its saturation curve. Mixing, external seeding, cycle time for a 

batch, growth rate distributions, supersaturation profile and fouling manipulation are factors 

that may affect a batch crystallization process (Wey and Karpinski 2002). It is beneficial in 

industries with very high purity requirements as it is possible to avoid contamination arising 
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from improper cleaning, since the batch crystallizer can be thoroughly cleaned when an 

operation is finished as compared to difficulties in cleaning of continuous systems (Mullin 

2001). However, batch crystallization could be quite cost demanding. 

 

2.2.2 Continuous crystallization 

Most medium and large scale operations are done in continuous mode. Presently, continuous 

crystallizers are adopted for use in any possible operation in several chemical processing 

plants but are scarce in industries with small amount of production like the fine chemicals 

and pharmaceutical industries. In continuous operations, crystal output does not depend only 

on time as it operates in steady state. On those basis, the critical process parameters can be 

easily controlled. According to Mersmann and Rennie (2001), at a particular volumetric flow 

rate, optimal supersaturation can be obtained for a given suspension volume because the 

average supersaturation is dependent on the average residence time. The conditions can be 

manipulated to a relatively satisfactory point to optimize crystal characteristics and usage of 

energy. Continuous crystallization processes typically suppress the quality variations 

compared to batch processes (Lawton et al. 2009; Gong et al. 2016). The entire product 

crystals are expected to have undergone uniform operating conditions during continuous 

crystallization though not realistically practical due to residence time distributions (Tung et 

al. 2009). 

  

There have been different studies on working operating conditions and process parameters 

for continuous cooling crystallizers. Mersmann (2001) described a continuous cooling 

crystallizer having a set-up of 8 counter current crystallizers. The multistage set-up was done 

to maintain an average supersaturation of potassium chloride in each crystallizer rather than 

using a single crystallizer considering the wide operational temperature range of 82oC-30oC. 

As a result, high supersaturation could be prevented. Also, the cooling profile was selected 

with equal temperature difference which ensured equal temperature drop in each crystallizer 

and in turn would prevent too high supersaturation in different stages. 

 

A 3-stage continuous cooling crystallization unit was developed by Alvarez, Singh and 

Myerson (2011) for studying pharmaceutical compounds like cyclosporine. Cyclosporine-

acetone solution was cooled from 53oC to 14oC in three stages. The results showed reduced 

crystal purity and increased crystal yield when a recycle stream, gotten from manipulating 
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the outlet stream mother liquor, is added to the continuous process as shown in Figure 4.  

The influence of process parameters, like temperature in each stage and recycle ratio, on 

product yield and purity were considered. In comparison to their batch experiment, they 

observed optimal process yield with recycle ratio increase and, increased crystal purity with 

increasing third stage temperature in the continuous process when they used a population 

balance model.  

 

 
Figure 4. Effect of recycle on cooling crystallization of cyclosporine (a) experimental set up with 

recycle and (b) effect of recycle ratio on process yield and crystal purity (Alvarez et al. 2011). 

 

Li, Trout and Myerson (2016) were able to use a two stage Mixed-Suspension-Mixed 

Product Removal (MSMPR) crystallizer with solids recycle to crystallize cyclosporine, with 

slow growth rate, from acetone. A clear increase in process yield was observed with 

continuous solid recycle compared to a process without recycle. With a population balance 

model they could affirm that with a four stage MSMPR, the yield would increase closer to 

batch experiments of same process conditions. The purity remained the same from 

experiments in both operation modes. Their research emphasizes on the flexibility of 

continuous processes. 

 

In comparison to batch operations, continuous operations offer quicker production periods, 

improved flexibility, reduced manufacturing stages and easier scale up (Tung et al. 2009). 

Less labour is employed in continuous operations compared to batch as utilities are 

continuously fed for different equipment thereby reducing its usage size (Bennett 2002). The 

equipment size can be reduced and therefore capital investment for the process would be 

reduced. 
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2.3 Solubility 

The property of a solute to dissolve homogeneously in a solvent to form a solution is referred 

to as solubility. The solvent and solute could be in solid, liquid or gaseous state. The solution 

formed when maximum amount of solute at prevailing conditions dissolves in a solvent is 

referred to as a saturated solution. Solubility is measured in the maximum quantity of a solute 

dissolvable in a solvent at equilibrium. Solubility is a function of temperature and solvent 

composition. The change in entropy during dissolution of the solute in solvent and the 

intermolecular force equilibrium between the solute and solvent influences the solubility of 

a solute in a solvent (Filippone, Heimann and Rassat 2002). 

 

A solution is termed to be “undersaturated” when the quantity of solvent can still dissolve 

more solute than already dissolved under normal conditions while a solution can be termed 

“supersaturated” when the solution contains more dissolved solute than the amount 

dissolvable a particular quantity of solvent under normal conditions.  

 

2.3.1 Factors influencing solubility  

The crystallization method employed in any process is mostly based on the solubility 

behaviour of the solute in the solvent (Mullin 2001 and Tung et al. 2009). The existence of 

several components as solute in a solvent can affect the solubility of the solutes in the 

solvent. Important factors affecting solubility includes; temperature, concentration, solvent 

used, ionic strength, impurities, pH and polarity. 

  

Impurities. The solubility of the solute in the system can be affected by impurities but the 

effect needs to be experimented for practical uses. Impurities can increase solute solubility 

like the case of Lovastatin in Toluene (Tung et al. 2009), remain in its saturated state, reduce 

solute solubility or react with the actual solute to form other compounds (Mullin 2001). For 

instance, Halstead (1970) observed impurities in aqueous potassium sulphate solutions from 

Iron (III) and Chromium (III) traces which lead to increase in the metastable zone width of 

K2SO4 hence hindering its nucleation. Impurities in a system can influence crystal growth 

kinetics, morphology and particle size. 
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Ionic Strength. Several ionic compounds dissolve in water which is due to the cations and 

anions attraction. The effect of the presence of a common ion in the components of a solution 

should generally shift the equilibrium position thereby reducing the solubility leading to 

precipitation (Clark, 2013 and Mullin 2001) though some inconsistencies occur where 

solubility increases with addition of a salt with a common ion. This is because there is a 

decrease in ionic activity coefficients resulting from ionic concentration increase (Mullin 

2001). He also pointed out that solubility can increase when a salt with no common ion is 

added as shown in Figure 5. 

 

 
Figure 5. Relative increase in solubility with increase in ionic strength (a) Barium sulphate in 

potassium nitrate solution; (b) Silver chloride in potassium nitrate solution (Mullin 2001). 

 

Additionally in crystallization of proteins, with ionic strength increase, the protein solubility 

could be increased and later be decreased. The effect on the solubility pattern is due to the 

protein’s chemical activity decline as soon as there is an increase in the ionic strength of its 

surrounding like in the case of carboxyhaemoglobin (Ries-Kautt and Ducruix 1999).  

 

pH. The solubility of amphoteric  mixtures have high pH dependency due to the fact that the 

concentration of hydrogen ions (H+) varies with the major form of these mixtures  present in 

their respective solutions (Kirwan and Orella 2002). The solubility profile of the basic and 

acidic salts of amino acid is very different due to difference in hydrogen ion concentration 

in both forms. Ries-Kautt and Ducruix (1999) observed that in protein crystallization, the 

least solubility of the protein of interest is noticed at its isoelectric point (net charge is zero). 

The standard solubility condition for crystal growth for the protein affected by pH are those 
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which fall within pH values that maintain the protein solubility curve in form of a folded 

structure (Wiencek 2002). 

 

Solute polarity to solvent. Polarity is a valuable criterion used in predicting solubility 

though it disregards various solute-solvent interactions. The solubility of a solute is often 

dependent on the solvent used because different materials have varying solubility with 

solvents in a binary system or in a multi-component system. The polarity of a solute to its 

solvent directs to the fact that solutes are far more soluble in solvents of similar polarity 

(Williamson, 1994). Hence, highly polar substances tend to be very soluble in highly polar 

solvents and insoluble in nonpolar solvents. For example: Urea is very soluble in water and 

insoluble in benzene. Similarly, non-polar substances would be soluble in nonpolar solvents 

and insoluble in polar solvents. Also, lipophilic or hydrophilic compounds would be soluble 

in lipophilic or hydrophilic solvents respectively. The solubility of organic compounds are 

mostly influenced by polarity.  

 

As it is with other factors influencing solubility, different solvent compositions can either 

increase or decrease the solubility of the solute. Myerson, Decker and Fan (1986) calculated 

the ideal solubility of hexamethylenetetramine and adipic acid, and experimentally observed 

their solubility in different solvents as shown in Figure 6. Hexamethylenetetramine and 

adipic acid mostly showed increasing solubility in their varying solvents with temperature 

increase. Tung et al. (2009) showed the effect of methanol-water solvent on Lovastatin 

solubility at room temperature which showed increase in solubility as the percentage of water 

in the solvent reduced. In other words, water is used as an antisolvent in this system. Also, 

they showed that the influence on solubility could be nonlinear with mesylate salts in 

toluene-acetonitrile solvent. Maximum solubility of mesylate salt was achieved at 50% 

toluene and 50% acetonitrile. With decrease in the acetonitrile percentage in the solvent 

composition from 90% to 50% showed an increase in mesylate solubility while from 49% 

to 0%, the solubility of mesylate decreased. Drug stability, crystallization kinetics, crystal 

morphology and nucleation can also be influenced by solvent variation (Tung et al. 2009).  
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Figure 6. Solubility of hexamethylenetetramine (LHS) and adipic acid (RHS) in different solvents 

(Myerson, Decker and Fan 1986). 

 

Temperature change. The solubility of compounds having temperature dependent ionic 

products is highly based on their temperatures. According to Mullin (2001), large differences 

in ionic products of compounds caused by temperature change can lead to high effect on its 

solubility during the precipitation of sparingly soluble metal hydroxides. The effect of 

temperature on the solubility of a compound varies as the solubility may either increase, 

remain constant or decrease. For compounds with temperature dependent solubility, more 

solute is dissolved at elevated temperatures than at room temperature. Figure 7 shows the 

solubility of different compounds in water and how it is influenced by temperature. Also, 

Figure 6 shows an increase in solubility with temperature of adipic acid and 

hexamethylenetetramine though in different solvents. At elevated temperatures, the form of 

the solute may change from hydrate to anhydrous thus influencing the solubility (Kirwan 

and Orella 2002). The various forms as a result of temperature effect can also influence 

crystal morphology and crystallization kinetics. Tung et al. (2009) also explains that 

crystallization processes are mostly controlled by temperature due to its large impact on 

solubility since it can help to remove impurities by crystallization of an impure compound. 
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Figure 7. Effect of temperature on the solubility of different compounds in water (Spiritsd.ca 2006). 

 

2.4 Supersaturation, Metastable Zone and Induction Time 

 

2.4.1 Supersaturation 

In crystallization, supersaturation is the key process parameter. Supersaturation occurs when 

the concentration of the solute goes beyond its maximum solubility under normal conditions. 

Also, supersaturation can represent a compound that has a vapour pressure lower than the 

partial pressure of its vapour. Energy flow, crystallization kinetics, and material flow 

controls the supersaturation degree (Mersmann 2001). Dependent on the crystallization 

process carried out in batch mode, the macromixing process determines the crystals and 

supersaturation distribution. 

 

The supersaturation parameters which play a role as driving forces in crystallization are 

shown in Table 1. Supersaturation remains the driving force in solution crystallization (Kind 

and Mersmann, 1990). Supersaturation can be expressed in terms of concentration difference 

as driving force, supersaturation ratio and absolute or relative supersaturation. 

 

 ∆𝑐 = 𝑐 − 𝑐∗ (1) 
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Where,  ∆𝑐 Concentration driving force or supersaturation, kg/m3 

  𝑐 Solute concentration, kg of solute/m3 of solvent  

  𝑐∗ Saturation concentration at equilibrium, kg of solute/m3 of solvent 

 

As seen in Eq. (1), the differences in concentrations are used to express supersaturation. It 

can also be expressed in ratios of the solute concentration. 

 

 𝑆 =  
𝑐

𝑐∗
 (2) 

 

Where,  𝑆 Supersaturation ratio 

 

 
𝜎 =  

𝑐 − 𝑐∗

𝑐∗
=

∆𝑐

𝑐∗
= 𝑆 − 1 (3) 

 

Where,  𝜎 Relative supersaturation 

 

The supersaturation ratio (S) and the relative supersaturation (σ) are defined in Eqs. (2 & 3) 

respectively. The supersaturation ratio is always greater than one. 

 

Table 1. Growth and nucleation driving forces (Mersmann 2001) 

Kinetic Parameter  Driving force 

Nucleation Primary (homogeneous or heterogeneous) 𝑆 = 1 + 𝜎 

 Secondary 𝜎 𝑜𝑟 ∆𝐶 

Growth Diffusion controlled ∆𝐶 𝑜𝑟 ∆𝑐 

 Surface integration controlled 𝜎 

 

2.4.2 Metastable Zone and Induction Time  

Metastable zone region of any compound is the region where the supersaturation of the 

solution is maintained above the concentration where a secondary phase can be formed for 

a particular time. The metastable zone width (MSZW) is the point from the saturation curve 

up to the metastable boundary which afterwards the nucleation becomes spontaneous (Tung 

et al. 2009).  
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Figure 8. The Solubility – supersolubility diagram (Jones 2002). 

 

The idea behind the MSZW of different methods of crystallization is illustrated in the 

equilibrium phase diagram presented in Figure 8. It shows the unsaturated or stable region 

where dissolution of available crystals would occur, the metastable region that is 

supersaturated where crystal growth and no nucleation exist, and the labile or unstable region 

which exist above the metastable limit and where spontaneous nucleation occurs. 

 

Induction time is the time difference from the supersaturation formation until the earliest 

appearance of crystals in a particular system. It is inversely proportional to the 

supersaturation as it reduces with increasing supersaturation. Mullin (2001) expressed the 

induction time as a function of nucleation time, growth time and relaxation time. 

 

 𝑡𝑖𝑛𝑑 = 𝑡𝑟 + 𝑡𝑛 + 𝑡𝑔 (4) 

 

Where,  𝑡𝑖𝑛𝑑 Induction time, s 

  𝑡𝑟 Relaxation time, s  

  𝑡𝑛 Nucleation time, s 

  𝑡𝑔 Noticeable nucleus growth time, s 
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The induction time is dependent on the enlisted times presented in Eq. (4). Relaxation time 

is when the molecular clusters are formed in the initiation of crystallization. 

 

In crystallization process design, the behaviour of induction time and metastable zone width 

are necessary process parameters to be well understood. Tung et al. (2009) explains that at 

higher temperatures in cooling crystallization, shorter induction time and thinner metastable 

zone width has can be observed due to low Gibbs free energy. This phenomenon could 

practicably be acceptable for reactive crystallization at lower level of antisolvent. A wider 

metastable zone width and longer induction times compared can be observed with increasing 

impurity level in the solution. Agitation intensity and seeding are other possible factors that 

may influence the induction time and MSZW of a solution generally lowering the induction 

time and reducing the metastable zone width. 

 

2.5 Ultrasound assisted crystallization 

The impact of ultrasound in a crystallization process can be observed via two main 

mechanisms which are acoustic streaming and cavitation effect (Young 1989). The 

ultrasound cavitation effect can help to induce primary nucleation even at very low 

supersaturation levels and possibly create secondary nucleation by disrupting crystals or 

already formed agglomerates mechanically (Tung et al. 2009; Young 1989). Cyclic 

compounds, like toluene and styrene, possess the highest cavitation intensity of liquids.  

Water has higher cavitation intensity compared to most organic liquids like the aliphatic 

amines and carboxylic acids (Nascentes et al. 2001). Solvent viscosity and flow pressure, 

solvent vapour pressure, ultrasonic power, and frequency are factors which could influence 

cavitation intensity. The turbulence created by the ultrasonic wave refers to the acoustic 

streaming effect. The transfer of mass and heat in the process could be increased by the 

acoustic streaming hence increasing nucleation rate. Therefore, ultrasound can be useful in 

a crystallization process design.  

 

Sonocrystallization can be applied in a wide range of industries where crystallization is an 

important separation and purification process like the food, pharmaceuticals, bioprocessing 

and fine chemical industries. However, McCausland and Cains (2004) defined 

sonocrystallization as the use of ultrasound to influence and control crystal nucleation in a 

crystallization process. Ultrasonic probes and baths are the major ultrasound devices used 
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(Soudagar and Samant 1995; McCausland and Cains 2004). The intensities delivered by 

these devices are higher at points close to their transducer source. Ultrasonic bath usually 

have greater treated volume and easier scalability. McCausland and Cains (2004) 

recommended that ultrasonic bath should be mixed in its depth direction since the intensity 

will reduce with height. Alternatively, decrease in ultrasonic power can be caused by high 

flow rates. Nascentes et al. (2001) studied several parameters in two different ultrasonic 

baths at the same frequency of 47±3 kHz in a bid to optimize their conditions to achieve 

higher cavitation intensity. Temperature of water in the bath, vertical and horizontal 

positions, volume of water and the sonication time were optimized. They suggested that 

26oC was an optimal water temperature for the bath though Kimura et al. (1996) and Raso 

et al. (1999) suggested that the intensity of ultrasound effect is reduced at water temperatures 

above 40oC. In addition, proper mixing of solution is necessary in case of ultrasound, 

because ultrasound intensities are higher at the probe tip, to ensure more uniform distribution 

of intensity in the process (McCausland and Cains 2004). 

 

Power ultrasound results in cavitation events on the process mixture, which is momentarily 

intense, prompted by a sinusoidal pressure wave. Power ultrasound suits properly for 

sonocrystallization processes as it offers higher power density because its section of the 

sound spectrum ranges from 20 to 130 kHz (McCausland and Cains 2004) though it can get 

as high as 2 MHz (Ruecroft et al. 2005). McCausland and Cains (2004) suggests that an 

ultrasonic power density of about 35W/L is the minimal power density needed for a 

sonocrystallization process though ultrasonic threshold could differ with the solution 

properties and the solvent medium. In the cooling crystallization of paracetamol, Jordens et 

al. (2014) used ultrasonic frequencies of 41 to 1140 kHz by placing the transducers at the 

reactor base. They noticed that the minimum MSZW of paracetamol was achieved at the 

lowest applied frequency and the highest paracetamol degradation was noticed at the highest 

applied frequency. Also, with linear increase in frequency there was an average reduction of 

decreasing MSZW. Overall, it is better to sonicate at lower ultrasonic frequency as it gives 

a narrower MSZW compared to higher frequencies (McCausland and Cains 2004; Jordens 

et al. 2014). 

 

Ruecroft et al. (2005) have been able to use the impact of ultrasound on crystallization to 

replace seeding, control the morphological properties of product crystals, develop better 
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performance in solid-liquid separations, manipulate the crystal size distribution, and increase 

crystal purity. They also explained that inducing nucleation with ultrasound in a controlled 

manner offers a clear basis for crystallization start-up which gives room for crystal growth 

manipulation using the crystallizer residence time. Additionally, sonocrystallization has 

highly helped to minimize the amount of impurities found in macroscopic pockets of crystals 

(Meenan, Anderson and Klug 2002).  Li et al. (2003) observed no significant dissimilarity 

in crystal size distribution (CSD), crystal size and morphology due to introduction of waves 

which are quite close with each other and are larger than the crystal and nuclei size. These 

resulted from the delivery of ultrasonic waves at varying frequencies of 15, 20, 25 and 30 

kHz in 15 ml of spectinomycin hydrochloride-water-acetone system using an 8mm diameter 

titanium probe at a power of 400W.  

 

 
Figure 9. Ultrasound effect on the MSZW for the cooling crystallization of sorbitol hexaacetate in 

methanol (Ruecroft et al. 2005). 

 

In comparison with regular crystallization processes, the induction of primary nucleation by 

the ultrasound results in a narrower MSZW as presented in Figure 9. The figure also shows 

the temperature at the appearance of the first crystal observed in the cooling of sorbitol 

hexaacetate in methanol. Crystal size may decrease or increase with the use of ultrasound 

because the induction of ultrasound at different stage have different effects on crystals. 

Ultrasonic power intensity and operation mode may also affect the product crystal size 

(Louhi-Kultanen et al. 2006). Ultrasound was experimentally observed to be able to reduce 

induction time in the reactive crystallization of strontium sulphate (Sheikh and Patel 2014). 

It showed that with increase in ultrasonic amplitude, the induction time decreased due to the 
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ultrasonic power which speeds up the process of diffusion and improves the rate of mass 

formation thereby reducing the MSZW and transforming clusters into crystal nuclei (Li et 

al. 2006). 

 

 
Figure 10. Crystal size distribution of (a) sorbitol hexaacetate and (b) adipic acid; at varying 

ultrasonic process conditions (Ruecroft et al. 2005). 
 

Continuous sonication was seen to offer narrower particle size distribution and smaller 

crystals compared to a non-sonicated process and a process with a short burst of ultrasound. 

The non-sonicated process takes the normal time for nucleation and produces crystals of 

conventionally expected size and distribution. Whereas, the process with a short burst of 

ultrasound induces nucleation but there is no insonation available afterwards to control 

crystal size. Hence, nucleation occurs much earlier giving more time for crystal growth 

leading to larger crystal size and wider PSD. Ruecroft et al.’s (2005) analysis presented in 

Figure 10 shows the effect of different ultrasonic process conditions on the CSD of a sorbitol 

hexaacetate-methanol system and an adipic acid-water system. In an experimental study 

carried out by Gogate and Pandit (2011), it was observed that lactose recovery from whey 

in 5 mins was much higher with sonication compared to traditional crystallization means. 

Hatkar and Gogate (2012) studied the influence of ultrasound power and sonication time on 

cooling crystallization of sodium acetate and also replacement of seeding and effect on the 

crystal habit using ultrasound. Their research pointed out that ultrasound restricted the 

formation of sodium acetate polymorphs as seen in Figure 11. It could replace seeding for 

crystallization starting at 60oC since it was able to reduce the MSZW of sodium acetate. 

Hence, forming crystals at 14oC because no crystal was formed under conventional 

conditions even at 0oC without seeding. At equal dissipation of ultrasonic power of 62.5 W, 

the longer irradiation time of 5 mins gave the smallest average particle size. In addition, at a 
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constant sonication time of 3 mins, the highest ultrasonic power dissipated at 62.5W 

provided the minimum average particle size compared to lower ultrasonic power used. 

 

 
Figure 11. Microscopic images of sodium acetate crystal habit (a) under normal conditions and (b) 

under sonication (Hatkar and Gogate 2012). 

 

More so, there are also positive ultrasound effect on the process equipment and not only on 

the process and the crystallization materials. Ashley (1974) was able to apply ultrasound 

directly on the cooling coil which prevented surface encrustation of sodium chloride in an 

ice crystallization process. Also, ultrasound was used on cooling crystallizers to stop 

deposition on its surface. Ashley (1974) suggests that it is more economical to clean 

equipment or prevent the equipment from surface encrustation by applying ultrasonic 

vibration compared to the traditional ways of cleaning. Nevertheless, encrustation is 

imminent in industrial crystallizers after operating them for a long period. Duncan and West 

(1970) utilized ultrasound to inhibit encrustations on surfaces of the heat exchangers in 

crystallizers. These were carried out to minimize crystals/crusts on equipment surfaces and 

prevent nucleation. According to Mersmann and Rennie (2001), sonicating the feed solution 

of a heat exchanger is less beneficial to direct sonication of the heat exchanger. The benefit 

is due to the turbulent effect on the solution caused by sonication of the heat exchanger which 

helps to minimize crystal settling and encrustation. The positive impacts of ultrasound in 

crystallization cannot be anyway undermined though there are several disadvantages that 

could be experienced. Some disadvantages includes clear design criteria for large scale 

processes and the shedding of the ultrasonic probe tip (Tung et al. 2009). Also, defining the 

design parameters for scale-up could be difficult due to limited or uneven distribution of 

transmission intensity of some ultrasonic device (like the ultrasonic probe). Lack of proper 
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understanding of the parameter relationships in the process could also be a scale up 

limitation. Corrosion and pitting of the probe tip or metal parts of any other device results to 

the device shedding. 

 

 

3 CRYSTALLIZATION KINETICS AND CRYSTALS 

 

3.1 Nucleation  

There is a two-step process to solution crystallization, the first is the creation of new crystal 

nuclei (nucleation) and other being the growth of the crystals (Myerson and Ginde 2002). 

Nucleation is the formation of very small solid bodies, like nuclei or embryos, in a 

supersaturated fluid which acts as the focal point for crystal formation (Mullin 2001). The 

cause of nucleation in a process is quite difficult to ascertain as to if nucleation was induced 

by an artificial means or spontaneously by itself. Mechanical shock, high pressures, friction 

and agitation are parameters within a process that regularly induce nucleation (Young 1911 

and Earl 1912). However, X-rays, ultrasound, ultra-violet lights, spark emissions, gamma 

rays, magnetic and electric fields are few external sources that could have an impact on 

nucleation. Though the study of these external sources has not been significantly applied in 

industrial crystallization processes (Mullin 2001). Nucleation rates in a crystallization 

process is mainly controlled by its supersaturation degree. Figure 12 shows that nucleation 

can be classified into two namely; primary nucleation where nucleation occurs in the absence 

of crystals, and secondary nucleation where the nucleation occurs with the presence of 

crystals. 
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Figure 12. Mechanisms of nucleation (Mullin 2001). 
 

3.1.1 Primary nucleation 

Primary nucleation is the most common type of nucleation mechanism occurring in 

precipitation and crystallization processes carried out without seeding. Primary nucleation 

takes place when the system has a high level of supersaturation and it occurs in the presence 

of no crystal of the solution to be crystallized (Mersmann, Heyer and Eble 2001). There are 

two kinds of primary nucleation as presented in Figure 12. The homogeneous nucleation 

which happens spontaneously and the heterogeneous which is induced by external particles 

or influences. Coulson and Richardson (2002) explains that heterogeneous nucleation is the 

most common kind of primary nucleation in industrial crystallization processes. 

 

Homogeneous nucleation 

This is the natural occurring kind of primary nucleation as it occurs without external 

influences to the system. This takes place when the supersaturation crosses the metastable 

limit. The instability in local concentration brings about stable clusters or nuclei. The 

assumption that clusters formation in a solution reaches a critical size via a continuous 

addition pattern is the basis of the classical nucleation theory (Nielsen 1964). 

 

 
𝐵0 = 𝐴ℎ  𝑒𝑥𝑝 (−

∆𝐺𝑐𝑟

𝑘𝑇
) (5) 

 

Where,  𝐵0 Primary nucleation rate, 1/(m3.s) 

  𝐴ℎ Preexponential factor, 1/(m3.s) 
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  𝑇 Solution temperature, K 

∆𝐺𝑐𝑟 Critical free energy for nucleation, J 

𝑘 Boltzmann’s constant, 1.381 × 10−23 J/K 

 

The Arrhenius equation in Eq. (5) also expresses the nucleus formation rate. The predicted 

values of the preexponential factor, Ah, in most studies has been much lower than the 

theoretical value of 1030 nuclei/cm3s (Myerson and Ginde 2002). Gibbs (1928) and Volmer 

(1939) explained the thermodynamics involved in homogeneous nucleation (Myerson and 

Ginde 2002) as derived at Eq. (14). The phase transformation energy change and the nucleus 

surface formation’s energy change are first added giving the new phase formation’s energy 

change as presented in Eq. (6) 

 

 ∆𝐺 = ∆𝐺𝑠 +  ∆𝐺𝑣 =  𝛽𝐿2𝛾 +  𝛼𝐿3∆𝐺𝑣 (6) 

 

Where,  ∆𝐺 New phase formation’s free energy change, J 

  ∆𝐺𝑠 Nucleus surface formation’s free energy change, J 

∆𝐺𝑣 Free energy change for the phase transformation, J 

𝛽 Area shape factor 

𝐿 Characteristic crystal length, m 

𝛾 Interfacial tension, N/m 

𝛼 Volume shape factor 

 

The sum of phase transformation energy change and the nucleus surface formation’s energy 

change gives the new phase formation’s energy change as presented in Eq. (6) 

 

 
∆𝐺 = 4𝜋𝑟2𝛾 +

4

3
𝜋𝑟3∆𝐺𝑣 (7) 

 

Where,  𝑟 Radius of the nucleus, m 

 

Eq. (7) now becomes the free energy change for the new phase formation for a spherical 

nuclei based on the area and volume factor. 
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 𝑑(∆𝐺)

𝑑𝑟
= 8𝜋𝑟𝑐𝛾 + 4𝜋𝑟𝑐

2∆𝐺𝑣 = 0 (8) 

 

Where,  𝑟𝑐 Radius of the critical nucleus, m 

 

Clusters formed which are bigger in size than that of the critical nucleus takes place in the 

nucleation as it brings about a reduction in the free energy. With decreasing free energy and 

taking the derivative of Eq. (7) with respect to the nucleus radius, the critical size can be 

described with Eq. (8) or Eq. (9). 

 

 
𝑟𝑐 =  −

2𝛾

∆𝐺𝑣
 (9) 

 

Putting the value of ∆𝐺𝑣 in Eq. (9) into Eq. (8) yields Eq. (10) 

 

 
∆𝐺𝑐𝑟 =

4𝜋𝑟𝑐
2𝛾

3
 (10) 

 

The Gibbs-Thompson equation presented in Eq. (11) defines the growth of the clusters in 

the system. 

 

 
𝑙𝑛

𝐶

𝐶∗
= 𝑙𝑛𝑆 =

2𝛾𝑣

𝑘𝑇𝑟
 (11) 

 

Where,  𝑣 Molecular volume, m3/kg 

 

Clusters which are large continue to grow till they reach the 𝑟𝑐 thereby generating a new 

phase while the smaller ones dissolve. The radius of the critical nucleus 𝑟𝑐 is then replaced 

in Eq. (10) by r in Eq. (11) to give Eq. (12) 

 

 
∆𝐺𝑐𝑟 =

16𝜋𝛾3𝑣2

3(𝑘𝑇 𝑙𝑛 𝑆)2
 (12) 

 

The nucleus formation rate in Eq. (5) can now be re-expressed with Eq. (12) to give Eq. (13)  
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𝐵0 = 𝐴ℎ 𝑒𝑥𝑝 [−

16𝜋𝛾3𝑣2

3𝑘3𝑇3(𝑙𝑛𝑆)2
] (13) 

 

Considering viscous free energy, the equation for nucleation rate defined in Eq. (13) can 

combine with viscous effect (Turnbull and Fisher 1949) leading to Eq. (14) 

 

 
𝐵0 = 𝐴ℎ 𝑒𝑥𝑝 [−

16𝜋𝛾3𝑣2

3𝑘3𝑇3(𝑙𝑛𝑆)2
+  

∆𝐺𝑣𝑖𝑠𝑐

𝑘𝑇
] 

 
(14) 

 

Where,  ∆𝐺𝑣𝑖𝑠𝑐  Free energy due to viscous effects, J 

 

Myerson and Ginde (2002) points out that at achieving supercritical cooling, there is a 

degeneration of the nucleation rate. The degeneration is due to high supersaturation as the 

viscous energy term in Eq. (14) increases while the first term grows smaller.  

 

Homogeneous nucleation in solution crystallization has the least narrow MSZW compared 

to other nucleation processes as shown in Figure 13. Homogeneous nucleation produces 

large crystals because of its wide metastable zone. Due to the crystal size, this type of 

nucleation is least preferred in industrial crystallization though could be employed for 

crystallization of nano-sized or very fine substances (Mersmann, Heryer and Eble 2001). 

 

 
Figure 13. Metastable supersaturation against temperature for several types of nucleation process. 

(Mersmann, Heyer and Eble 2001) 
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Heterogeneous nucleation 

At low supersaturation level, the presence of foreign substances in a solution induces a 

nucleation mechanism referred to as heterogeneous nucleation. Homogeneous nucleation 

has a higher free energy necessary for nucleation in comparison to this mechanism. The free 

energy decline in a heterogeneous system is dependent on the solid phase contact angle 

(Volmer 1939). 

 

 ∆𝐺ℎ𝑜𝑚 = 𝜙∆𝐺ℎ𝑒𝑡 (15) 

 

 
𝜙 =  

1

4
 (2 + 𝑐𝑜𝑠𝜃)(1 − 𝑐𝑜𝑠𝜃)2 (16) 

 

Where,  ∆𝐺ℎ𝑜𝑚  Homogeneous nucleation free energy change, J 

  ∆𝐺ℎ𝑒𝑡  Heterogeneous nucleation free energy change, J 

  𝜙  Contact angle factor 

  𝜃  Crystal contact angle, o 

 

Theoretically, a system having zero contact angle should undergo homogeneous nucleation 

which is practically not feasible. Eq. (15) shows the dependence of the free energy change 

on the contact angle in heterogeneous nucleation while Eq. (16) defines the contact angle 

factor. Similarly, heterogenous nucleation rate can be analogous to homogeneous nucleation 

rate in in Eq. (13) by the relationship presented in Eq. (17) (Söhnel and Garside, 1992). 

 

 
𝐵0 = 𝐴ℎ 𝑒𝑥𝑝 [−

16𝜋𝛾3𝑣2𝑓(𝜑)

3𝑘3𝑇3(𝑙𝑛𝑆)2
] (17) 

 

Where,  𝑓(𝜑)  factor accounting for diminishing energy barrier   

 

Heterogeneous nucleation occurs easily at low supersaturation as can be observed in Figure 

14. Dirksen and Ring (1991) observed that the highest possible nucleation rate can be limited 

when nucleation does not stop as soon as the active particles (heteronuclei) are quickly 

depleted in heterogeneous nucleation. 
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Figure 14. Supersaturation effect on heterogeneous and homogeneous nucleation rate (Coulson and 

Richardson 2002). 
 

3.1.2 Secondary nucleation 

Most industrial crystallization processes utilize this type of nucleation mechanism. 

Nucleation occurs here at lower supersaturation levels compared to heterogeneous 

nucleation. Several authors (Nore & Mersmann 1993; Myerson & Ginde 2002) refer to 

various sources/mechanisms for creation of secondary nucleation and they include; contact, 

macroabrasion & attrition, dendritic growth, fluid shear, initial breeding, and polycrystalline 

breeding.  

 

Secondary nucleation by contact takes place when new nuclei are formed on uncrystallised 

solute surfaces within a solution. The contact may also be crystal to crystallizer wall contact 

or crystal to crystal contact or crystal to mixer contact. Contact is most likely the main source 

of secondary nuclei formation in a process. At very high agitation degrees, crystal fragments 

which exist in the solution due to macroabrasion from the agitation acts as nucleation sites. 

Attrition refers to crystal collision with the crystallizer wall or the impeller in the suspension. 

The nucleation rate as a result of attrition is in relationship with the holding time, hardness 

of crystals, mixing intensity and suspension concentration. Initial breeding is vital simply in 

batch processes alone. Here, seed crystals give rise to the secondary nuclei. During the 

seeded crystal growth in the solution, minute crystallite forms on its surface serving as 

nucleation spots where these secondary nuclei are formed. Crystal nucleus surfaces sprout 

branches which are needle-like at high supersaturation. These dendrites break in the solution 
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acting as centres for nucleation. Remains of uneven polycrystalline agglomerates that exist 

at higher supersaturations can act as nucleation sites also. However, dendritic growth and 

polycrystalline breeding mechanism are rare in large scale crystallization because industrial 

crystallizers are usually designed to operate at low supersaturation. Furthermore, the 

fragments from fluid shear breakage of dendrites could act as a spot for nucleation. Fluid 

shear could also remove the boundary layer between the solution and a crystal whereby the 

layer then forms a nucleation site in the crystallizer (Myerson and Ginde 2002). 

 

The three processes that determine the secondary nucleation rate are; secondary nuclei 

created on or close to a solid phase, clusters exclusion and formation of crystals from the 

growth of the secondary nuclei (Myerson and Ginde 2002). Impurities, cooling rate, flow 

rate (in continuous systems), supersaturation and agitation degree are key factors that 

regularly affect secondary nucleation. 

 

3.2 Crystal growth  

Crystal growth is the next step to realize crystals after formation of the crystal nuclei. This 

involves integration and diffusion processes though reformed by the effect of the crystal 

nucleus surface of its occurrence presented in Figure 15. Jones (2002) explained the crystal 

growth from a solution to consist of two main processes. The first process is through 

diffusion and/or convection to enable mass transport from solution to crystal surface. The 

second process is the surface reaction process where materials are fused into the crystal 

lattice via surface integration. The surface reaction process basically involves growth unit 

adsorption on the surface of the crystal, loosening a portion of the solvation shell and 

subsequently diffusing the growth unit into the crystal adsorption layer pending its fusion 

into the lattice. Then, the release of residual solvation shell once the growth unit has been 

fused into the shell leading to the integration of the final crystal lattice (which is the crystal 

growth). 

 

Growth rate of crystals can be expressed as the perpendicular displacement rate of a 

particular crystal surface. Due to the perpendicular rate of displacement, varying linear 

growth rates are observed for several crystallographic crystal face.  
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𝐺 =  

𝑑𝐿

𝑑𝑡
  (18) 

 

Where,  𝐺 Growth rate, m/s 

  𝐿 Characteristic dimension, m 

 

The growth rate can also be expressed as the rate of mass deposition or change of 

characteristic dimension (Jones 2002) presented in Eq. (18). Myerson and Ginde (2002) 

proposed a way of determining the change in crystal mass to measure growth rate which is 

defined thus; 

 

 
𝑅𝐺 =  

1

𝐴

𝑑𝑚

𝑑𝑡
 = 3 

𝛼

𝛽
𝜌𝐺 = 3 

𝛼

𝛽
𝜌

𝑑𝐿

𝑑𝑡
  (19) 

 

Where,  𝑅𝐺  Increase in mass per unit time per unit surface area, kg/m2.s 

  𝐴 Crystal surface area, m2 

  𝜌 Crystal density, kg/m3 

𝛽 Area shape factor 

𝛼 Volume shape factor 

 

From Eq. (19), it can be observed that calculating linear growth rate from mass growth rates 

is only permitted when the area shape (β) and volume shape (α) factors have been estimated. 

Though in practical analysis, growth rates are mainly calculated on a circular equivalent 

geometry basis. 
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Figure 15. Growing crystal solution interface (Jones 2002) 
 

Separate faces of the crystal matures at different rates which leads to varying crystal shape. 

However, the slowest growing face of a crystal controls the general crystal morphology 

(Mullin 2001). 

 

3.2.1 Correlation between growth rate and nucleation rate  

In systems where nucleation and growth rate are happening at the same time, Garside and 

Shah (1980) were able to come up with a correlation resulting from several experimental 

analysis in mixed suspension mixed product removal (MSMPR) systems of different 

researchers. 

 

 𝐵0 = 𝐾𝑅𝑀𝑇
𝑗
𝐺𝑖 (20) 

 

Where,  𝐵0 Nucleation rate, 1/m3.s 

  𝐾𝑅 Nucleation rate constant, 1/m3.s.(kg/m3)j.(m/s)i 

  𝑀𝑇 Suspension density, kg/m3 

  𝑗 Suspension density exponent 

  𝑖 Relative kinetic order (nucleation and growth order ratio) 

 

Eq. (20) clearly defines this correlation. The nucleation rate constant, KR, is a function of 

impurity concentration, temperature and hydrodynamics. Impurities, supersaturation, 

density of the magma, nature of the system (inorganic or organic), temperature and 
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crystallizer hydrodynamics are variables that could affect crystallization kinetics (Garside 

and Shah 1980). 

 

3.3 Crystal systems 

Due to different bond forces, crystals possess an extremely structured arrangement. 

Molecular, atomic, ionic and metallic lattices are different existent crystal types which are 

based on their components (Mersmann 2001). Elementary cells make up model crystal 

lattices with its lattice components organised in the cell surface or corner and cell spatial 

centres forming fully regular structures. α, β, and γ angles and x, y, and z axes are the 

coordinates which define the elementary cell as shown in Figure 16. Table 2 presents the 

varying angles and axes lengths of different classes of crystal geometric system defined by 

their symmetry. The symmetry is one property that differentiates each crystal system. 

 

 
Figure 16. Crystal structures. (a) Elementary cell showing the axes, angles and elementary length; 

(b) Different crystal structures (Mersmann 2001). 

 

Mersmann (2001) points out that crystal habits of a particular compound would vary 

dependent on the growth rate. In industrial processes, the main target is to control the 

crystallization process to achieve crystals having specific morphology and size. 
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Table 2. The crystal systems (Mullin 2001 and Mersmann 2001). 

Crystal system Other names Axes length Angle of axes 

Triclinic 
Anorthic 

x ≠ y ≠ z α ≠ β ≠ γ ≠ 90o 
Asymmetric 

Monoclinic 

Oblique 

x ≠ y ≠ z α = γ = 90o ≠ β Clinorhombic 

Monosymmetric 

Trigonal Rhombohedral x = y = z α = β = γ ≠ 90o 

Tetragonal 
Quadratic 

x = y ≠ z α = β = γ = 90o 
Pyramidal 

Orthorhombic 

Rhombic 

x ≠ y ≠ z α = β = γ = 90o 
Trimetric 

Prismatic 

Isoclinic 

Hexagonal  x = y ≠ z α = β = 90o;  γ = 120o 

Cubic 

Regular 

x = y = z α = β = γ = 90o 
Tesseral 

Isometric 

Octahedral 

 

3.4 Polymorphism and crystal habit 

Polymorphism is the ability of a compound to crystallize into various crystal forms which 

are chemically alike (Mersmann 2001 and Mullin 2001). Distinct physical properties, like 

different solvent solubility, are shown by various polymorphs of a particular chemical 

species. There is a quick conversion of polymorphs from one form to another when they are 

in suspension because the first form is mostly the less stable form, though some polymorphs 

convert to another while in its dry form (Myerson and Ginde 2002). Mersmann (2001) 

explained that in presence of high supersaturation, process thermodynamics is being 

superseded by the kinetics to enable proper estimation of the initial polymorph to be formed. 

Polymorph transition could be influenced by operating conditions in a system. Examples of 

polymorphs include: aragonite, vaterite and calcite (polymorphs of calcium carbonate), and 

diamond and graphite (polymorphs of carbon). 

 

Crystal habit is the outward look of a crystal. It can also be referred to as its shape or 

morphology. The performance of a crystallization process could be deduced from its crystal 

habit. The crystal face growth pattern may be rapid or stunted dependent on the axis or edge 
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experiencing a faster or normal or slower growth thus giving rise to major types of crystal 

habit. Mersmann (2001) observed that crystal habit could be planar, needle-like or prismatic 

and isometric; and Tung et al. (2009) observed that crystal habit could be needle-like, plate-

like or rod/cube-like. Most crystals are non-spherical but angular as can be seen from the 

crystal geometric systems in Figure 16. Sphericity of crystals come up due to attrition 

resulting from long residence times and crystal agglomeration. However, variations in 

crystal habit can be caused by fluid mixing and fluid shear which arises from sonication. 

Almost all natural and produced crystals are somewhat distorted (Mullin 2001) as seen in 

Figure 17 for the case of potassium sulphate. A goniometer could be used in reading crystal 

symmetry. 

 

 
Figure 17. Common orthorhombic habits of potassium sulphate crystals (Mullin 2001). 

 

In industrial crystallization processes, one needs to know the factors influencing crystal habit 

to be able to control or manipulate it. Crystallizer geometry and type, solvent used, operating 

mode and conditions, crystal and solution properties are few influencers of crystal habit 

(Mersmann 2001; Myerson and Ginde 2002). 

 

3.5 Crystal size distribution (CSD)  

Crystallization kinetics of a process controls its final crystal size distribution. CSD is an 

expression showing the distribution of sizes of crystals existent in a wide size range of a 

particular sample. Crystal sizes come in distributions based on the fact that the crystals 

formed for a particular process do not appear in a single size. The cumulative distribution 
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and the density distribution are the types of crystal size distribution defined by Berglund 

(2002). 

 

 

∫ 𝑓(𝐿)𝑑𝐿 = 1

∞

0

 (21) 

 

 

𝐹(𝐿) =  ∫ 𝑓(𝐿)𝑑𝐿

𝐿

0

 (22) 

 

Where,  𝑓(𝐿)𝑑𝐿 Fraction of particles between L and L + dL 

 

Eq. (21) and Eq. (22) defines the density distribution and cumulative distribution 

respectively. The significance of CSD is obvious when the data type observed in crystallizer 

analysis is taken into account. Practically, one-dimensional size distribution function is 

regularly used because two or three-dimensional functions are quite complex and hardly give 

a significant advantage (Tung et al. 2009). Changing to population density, n, from numbers 

data, N;  

 

 
𝑛 =  

𝑑𝑁

𝑑𝐿
|

𝐿
 (23) 

 

Eq. (23) shows the conversion from derivatives of numbers data with respect to characteristic 

length to derive the population density while Eq. (24) gives the conversion in vice versa and 

also showing their distribution relationship. 

 

 

𝑁(𝐿1, 𝐿2) =  ∫ 𝑛(𝐿)𝑑𝐿

𝐿2

𝐿1

 (24) 

 

Where,  𝑛(𝐿)  Population density distribution 

  𝑁(𝐿1, 𝐿2) Numbers data distribution between size range L1 and L2 
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𝑁𝑇 =  ∫ 𝑛(𝐿)𝑑𝐿

∞

0

 (25) 

 

Eq. (25) defines the total number of particles per unit volume. The above formulae can be 

used as a basis for deriving other quantity specific size distribution formulae. Due to the 

crystalline symmetry which is not so regular, the size of crystals are hardly measured as a 

single-length parameter rather measured as equivalent spherical diameter. Equivalent 

diameter is the diameter of a sphere which would act precisely as the crystal of interest when 

subjected to identical experimental conditions (Mullin 2001). 
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4 CRYSTALLIZATION OF STUDIED COMPOUNDS 

Inorganic and organic compounds were studied. Potassium sulphate and copper sulphate 

were the model inorganic compounds while the model organic compounds were benzoic 

acid and phthalic acid. 

 

4.1 Crystallization of potassium sulphate  

K2SO4 is a water soluble compound which consists of potassium (K+) and sulphate (SO4
2-) 

ions. Its solubility in water can be seen in Table 3. It occurs naturally as arcanite and is 

abundant in form of mineral double salt. The most pronounced way of production is from 

sulphuric acid (H2SO4) and potassium chloride (KCl) reaction. It can also be produced from 

reaction with KCl and sulphates with minerals or brines. Other potassium compounds can 

be produced from K2SO4.  

 

Table 3. Data of K2SO4 solubility in water at different temperatures (Docbrown.info 2015). 

Temperature, oC 0 10 20 30 40 50 

Solubility, g/100g of H2O 7.40 9.30 11.10 13.00 14.80 16.50 

Temperature, oC 60 70 80 90 100  

Solubility, g/100g of H2O 18.20 19.80 21.40 22.90 24.10  

 

This commodity compound is mostly used in the production of potash rich fertilizers and 

useful for special crops that are chlorine sensitive. Industrially, potassium sulphate can be 

applied in the production of fire extinguishers in powder form, explosives and its 

desensitizers, pharmaceuticals, synthetic rubber, dyes and lubricants. Also, it has proven to 

be a good additive in production of special cements (Schultz et al. 2000). The basic 

properties of K2SO4 are presented in Table 4. The crystal systems of K2SO4 crystals are 

orthorhombic in nature as informed by Mullin (2001) and Schultz et al. (2000). According 

to Budz, Jones and Mullin (1987), K2SO4 crystallized in a MSMPR by cooling was observed 

to have a strong dependent shape factor due to attrition effects and varying linear growth 

rates in different crystallographic direction. The common stable form of K2SO4 exists as β-

K2SO4 though it changes to α-K2SO4 when it gets above 583oC. Crystals of potassium 

sulphate are likely to sediment because they are reasonably large with high crystal density, 

and as such requires proper handling and accurate operation conditions (Jones, Budz and 

Mullin 1986). 
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Mullin (2001) reported from a research by Nývlt et al. (1970) that the metastable zone width 

for K2SO4 for the lowest seeded process was 6oC though they had inconsistent MSZW with 

unseeded processes. Mullin and Gaska (1969) also reported that the MSZW of K2SO4 was 

5oC and approximately 13oC for seeded and unseeded solutions respectively when it was 

crystalized in a fluidized bed at controlled operating conditions. Hofmann and Roubík (1996) 

stated the benefits of ultrasound in potassium sulphate cooling as it aided a higher cumulative 

crystal amount and smaller crystals grew at a higher rate which was linear. 

 

Table 4. K2SO4 properties at standard temperature and pressure (STP) (Schultz et al. 2000). 

Properties Potassium Sulphate 

Molar mass, gmol-1 174.259 

Phase at STP Solid 

Flash point, oC 1069 

Density, kgm-3 2662 

Heat of fusion, kJkg-1 197.4 

Specific heat capacity, Cp, Jkg-1K-1 752.9 

Molar free energy of formation, ∆fG
o, kJmol-1 –1321 (solid) 

Enthalpy of formation, ∆fH
o, kJmol-1 –1438 (solid) 

Heat of transformation (trigonal/orthorhombic), kJkg-1 48.5 

Entropy, So, Jmol-1K-1 175.6 

Lethal dosage, mg/kg 6600 

 

In the purification of potassium sulphate contaminated with Fe2+, Fe3+ and Cr3+ ions using 

crystallization, Halstead (1970) proposed fractional crystallization preceded by 

contaminants precipitation as a solution for purification. His proposal was because at 

extremely high supersaturation, Fe3+ and Cr3+ ions hindered K2SO4 crystallization while Fe2+ 

ions barely had any effect on the process. Jones and Mullin (1974) theoretically predicted 

and experimentally carried out a batch crystallization on aqueous K2SO4 solution using a 

programmed cooling rate of 0.042oC/sec. They noticed formation of crystal nuclei due to 

presence of few seeds affirming nucleation at low supersaturation. Though the cooling rate 

also controlled the nucleation in the system thereby improving the large crystal size and size 

distribution in comparison to natural cooling. Lyczko et al. (2002) confirms that ultrasound 

minimizes the MSZW and reduces the induction time of K2SO4 at low relative 

supersaturation as addressed in earlier reviews in this study. The ultrasound effect was 

observed experimentally and by a model, they studied the effect of power ultrasound on 

batch cooling crystallization of K2SO4.  
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Crystallization of potassium sulphate by cooling was seen to be better than precipitation with 

1-propanol at constant temperature because cooling gave lower moisture content, smaller 

average crystal size and far lower agglomeration compared to the salting out process 

(Taboada, Palma and Graber 2003). Crystallization by cooling was evident because K2SO4 

is reasonably temperature dependent. High purity, higher nucleation and lower growth rates 

were observed in the cooling crystallization of K2SO4 from a glaserite solution by 

Mazzarotta (1989). The presence of sodium sulphate crystals caused the deviation in 

crystallization kinetics in comparison to that of pure K2SO4. A MSMPR which runs in 

continuous mode was used. Based on literatures surveyed, it is safe to say that cooling 

crystallization is the most common mode of crystallizing potassium sulphate.  

 

Mazzarotta (1989) also calculated the growth and nucleation rate of potassium sulphate 

dependent on only the supersaturation presented in Table 5. Jones et al. (1986) informed the 

size dependent crystallization kinetics equation of K2SO4 solution in a continuous MSMPR, 

shown in Table 5, after carrying out 50 specific experiments with a range of operational 

parameters. The ranges included 17-59 mins residence time, 0.03-0.16 absolute 

supersaturation, 10-50oC temperature and 2-20 kgm-3 magma density.  

 

Table 5. Crystallization kinetics equations for aqueous K2SO4 derived from MSMPR crystallizer 

experiments. 

References G Bo 

Mazzarotta (1989) 1.470 ∆c2 1.364 × 1014∆c1.75 

Jones et al. (1986) 1.44exp (
−40,400

RT
) (1 + 2L2 3⁄ )σ2 7.58 × 1023exp (

−17,100

RT
) MT(G)1.13 

Randolph and 

Sikdar (1976) 
- 2.62 × 103N2.5MT

0.5G0.54 

Rosen and Hulburt 

(1971) 
(1.2 − 9.5) × 108 1.67 × 103M𝑇G0 

Randolph and 

Rajagopal (1970) 
(0.3 − 2.5) × 108 4.07 × 10−5MT

0.4G−1 

 

Furthermore, Garside and Shah (1980) reported crystallization kinetics data for several 

compounds from different authors. They pointed out the operational parameters used by 

Rosen and Hulburt (1971) and Randolph and Sikdar (1976) in obtaining the kinetic equations 

for aqueous potassium sulphate solutions shown in Table 5. Randolph and Rajagopal (1970) 

studied the kinetics of a K2SO4 crystal slurry, presented in Table 5, which was backmixed in 



51 

 

a MSMPR to produce a narrow CSD. The parameter range used in their experiments   

included 4–16 mins residence time, a temperature of 29oC, and suspension density within 5–

28 g/L. 

  

4.2 Crystallization of copper sulphate 

Copper sulphate (CuSO4) is a toxic water soluble inorganic compound containing copper 

and sulphate ions. The hydrated form is a pentahydrate (CuSO4.5H2O) and it is blue in colour 

while its anhydrous form, which is the model compound in this study, is grey-white or pale 

green in colour. The solubility of CuSO4 in water is presented in Table 6. The treatment of 

copper with concentrated sulphuric acid produces copper sulphate though this method is 

hardly used due to the value of raw copper. The industrial production of this commodity 

compound is by dissolution of scrap copper or its oxides into dilute sulphuric acid in 

availability of air. Other production means includes using bacteria to speed up the leaching 

of inferior copper ore in the presence of air, sulphuric acid treatment of copper oxide formed 

from heating ores of copper sulphide, and oxidizing copper sulphide formed from sulphur 

heated with scrap copper (copper.org 2016). 

 

Table 6. Data of CuSO4 solubility in water at different temperatures. (Docbrown.info 2015) 

Temperature, oC 0 10 20 30 40 50 

Solubility, g/100g of H2O 14.30 17.40 20.70 24.20 28.70 33.80 

Temperature, oC 60 70 80 90 100  

Solubility, g/100g of H2O 40.00 47.00 56.00 67.50 80.00  

 

It is mainly employed in the agricultural industry for numerous uses including pesticides, 

insecticides, herbicides and fungicides. Copper sulphate has been very useful in organic 

synthesis, production of adhesives and dye intermediates. Some industries that also use 

copper sulphate include public health, textile, mining, paint, building, chemical, electrical 

and metal industries (copper.org 2016).  

 

Table 7 shows the basic properties of anhydrous CuSO4. Kokkoros and Rentzeperis (1958) 

reported that the crystal structure of the anhydrous when analysed with x-ray single crystal 

data was orthorhombic. However, Myerson and Ginde (2002) reported the regular crystal 

structure as triclinic. According to Mullin (2001), the MSZW of CuSO4 was 1.4oC for a 

system undergoing slow cooling of approximately 5oC/hr. Copper sulphate is a highly 
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temperature dependent compound as can be seen from Table 6 and as such would commonly 

be crystallized by cooling. There has been much more crystallization studies on the 

pentahydrate compared to the anhydrate form of copper sulphate because the anhydrate 

crystallizes as pentahydrate but loses its water of crystallization after drying. 

 

Table 7. Properties of anhydrous copper sulphate at STP (Wolframalpha.com, 2016a). 

Properties Copper Sulphate 

Molar mass, gmol-1 159.61 

Phase at STP Solid 

Melting point, oC 200 

Density, kgm-3 3603 

Molar free energy of formation, ∆fG
o, kJmol-1 –662.2 (solid) 

Enthalpy of formation, ∆fH
o, kJmol-1 –771.4 (solid) 

Entropy, So, Jmol-1K-1 5 

Lethal dosage, mg/kg 300 

 

The effect of ultrasonic power on CuSO4 crystals obtained from the crystallization of copper 

sulphate in a two (2) litres batch crystallizer is presented in Figure 18. The figure shows the 

effect of ultrasonic power intensity of 12.5, 37.5, 75 and 87.5 WL-1 compared to non-

sonicated crystals. Fine and small crystal were observed with higher ultrasonic power 

(Ashley 1974). A part of Marshall et al.’s (2002) work was to measure and predict crystal 

yield of a seeded batch cooling crystallization experiment been influenced by ultrasonic 

waves. With increasing ultrasonic frequency at a constant operation temperature, the 

ultrasonic wave attenuation increased. Also, copper sulphate cooling seeded at 46oC showed 

increasing crystal yield which can be attributed to the influence of ultrasound irradiation and 

seeds that increased nucleation. Kats et al (2013) suggested the use of ultrasound irradiation 

to further narrow the CSD and improve crystal size and shape homogeneity. 
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Figure 18. The effect of ultrasound on copper sulphate crystals at different ultrasonic power 

intensities of (a) no ultrasound (b) 12.5 WL-1 (c) 37.5 WL-1 (d) 75 WL-1 and (e) 87.5 WL-1 (Ashley 

1974). 
 

Giulietti et al. (1995) observed that programmed batch cooling offered larger crystals 

compared to linear cooling. The difference in crystal size was due to cooling which begins 

slower in programmed cooling and gives more time for nucleation and growth since the 

MSZW is quite narrow. Giulietti et al. (1996) investigated the changes in the crystal habit 

of copper sulphate via batch cooling method on the aqueous solution. It was reported that 

most of the crystals at different experimental conditions were flat and bulky. The slow 

unseeded linear cooling rate at a 90 mins batch time gave the most regular crystals with small 

sizes. The reason behind this was the slow nucleation and growth though with seeds they 

formed few fine agglomerates. Using a faster controlled linear cooling, more crystals broke 

and more agglomerates were observed which confirms that crystal habit of compounds 

varies with varying operating conditions. Furthermore, Giulietti et al. (1999) studied the 

effect of additives on different cooling modes in a batch system. It was gathered that crystals 

with flat surfaces were achieved without any additive though the effect of solvents were 

quite insignificant as the shape remained same. Detergents and Fe3+ ions affected the crystal 

shape and increased the nucleation rate but had a vice versa effect on the total crystal growth 

rate. 

 

4.3 Crystallization of benzoic acid  

Benzoic acid is a relatively nontoxic aromatic carboxylic crystalline acid which is mainly 

colourless. The organic compound was studied with both water and toluene hence the 

solubility of benzoic acid in water and toluene is shown in Table 8 and Table 9 respectively. 

Benzoic acid is sparingly soluble in water due to its slight polarity but very soluble in non-
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polar toluene. One means of purifying benzoic acid is by recrystallizing it from water. 

C6H5COOH is produced at not so high purity by partial oxidation of toluene with oxygen in 

the presence of cobalt catalyst. Other benzoic acid production routes are via hydrolysing 

purified benzoyl chloride or benzonitrile, and recrystallization of some solvent like ethyl 

alcohol (Schwab and Wichers 1940). 

 

Table 8. Data of benzoic acid solubility in water at different temperatures (Stephen and Stephen 

1963). 

Temperature, oC 0 18 25 40 75 100 

Solubility, g/100g of H2O 0.17 0.27 0.34 0.55 2.15 5.63 

 

Table 9. Data of benzoic acid solubility in toluene at different temperatures. (Thati, Nordström and 

Rasmuson 2010). 

Temperature, oC 5 10 20 30 40 50 

Solubility, g/100g of C6H5CH3 4.81 5.96 8.76 12.95 19.46 28.70 

Concentration, g/L of C6H5CH3 41.68 51.63 75.95 112.26 168.68 248.83 

 

The main use of benzoic acid is in phenol production. It serves as precursor to benzoyl 

chloride, plasticizers, and sodium benzoate. They are also used in the food, antifungal 

medicines and beverage industries (Maki and Takeda 2000). Table 10 shows the properties 

of benzoic acid. Maki and Takeda (2000) has reported crystal habit of benzoic acid as 

monoclinic. Studies show that benzoic acid is rarely crystallized by cooling of its aqueous 

solution because its solubility is weakly temperature dependent. 

 

Table 10. Properties of benzoic acid at STP (wolframalpha.com 2016b). 

Properties Benzoic acid 

Molar mass, gmol-1 122.121 

Phase at STP Solid 

Melting point, oC 123 

Boiling point, oC 249 

Flash point, oC 121.1 

Density, kgm-3 1316 

Vapour pressure, mmHg 9.998 

Specific heat capacity, Cp, Jkg-1K-1 1202 

Enthalpy of formation, ∆fH
o, kJmol-1 –385.2 (solid), –294 (gas) 

Molar Heat of vaporization, kJmol-1 65.4 

Molar Heat of combustion, kJmol-1 3229 

Molar Heat of fusion, kJmol-1 18.02 
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Ramisetty, Pandit and Gogate (2013) pointed out that to achieve benzoic acid crystals, 

sonocrystallization is an efficient measure to adopt. They observed that high sonication 

power cum antisolvent addition rate offered smaller crystal size, narrow CSD, fine 

morphology and high purity in their antisolvent crystallization of benzoic acid. Ferguson et 

al. (2013) compared MSMPR, plug flow and batch crystallizers with same process 

parameters in antisolvent batch crystallization of benzoic acid. Results showed that the plug 

flow and MSMPR crystallizers generated narrow and large CSD respectively in comparison 

to the batch at same condition. They noted that process steps like milling could be neglected 

when continuous systems like the plug flow could offer small average crystal size and 

narrow CSD. O’Grady et al. (2007) investigated the mixing effect and antisolvent addition 

on the crystallization of C6H5COOH from the ternary system containing water and ethanol 

also using water as an antisolvent. Narrow MSZW was observed with increased rate of 

mixing for addition closer to the mixer, and antisolvent addition closer to the wall compared 

to addition closer to the mixer. The former is due to the fact that the higher mixing rate tends 

to homogenise the antisolvent added to the solution hence creating room for contact by solute 

molecules. The solute molecules contact induces nucleation though a high intensity may 

break the nuclei clusters. The latter is due to high local supersaturation build up inducing 

nucleation resulting from less mixing effect felt close to the crystallizer wall.  

 

Process variables play an important role in the product outcome. Katta and Rasmuson (2008) 

obtained a larger amount of spherical agglomerates, which were the interest, in the salting 

out of benzoic acid from C2H5OH–H2O.  The spherical agglomerates were obtained when 

the feed is initially mixed with the bridging liquid (chloroform) as compared to when the 

bridging liquid is being added to the solution during mixing. Additionally, larger crystal 

production was favoured by reducing concentration of the reactant and increasing agitation 

intensity at feed point in a reactive crystallization (Åslund and Rasmuson 1992). The larger 

crystals resulted from the crystallization of C6H5COOH from sodium benzoate solution with 

hydrochloric acid in a semibatch reaction mode. However, smaller crystal production was 

observed at high agitation rate which may have resulted from crystal breakage in the 

reaction.  
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4.4 Crystallization of phthalic acid  

Phthalic acid is an aromatic dicarboxylic white solid. It has very low toxicity and is slightly 

soluble in water as presented in Table 11. Phthalic acid can also be called 1,2-

benzenedicarboxylic acid. Terephthalic (p-phthalic) acid and isophthalic (m-phthalic) acid 

are the other isomers of phthalic (o-phthalic) acid. According to Lorz et al. (2007), 

C6H4(COOH)2 is basically produced from the hydrolysis of phthalic anhydride derived from 

the oxidation of naphthalene in the presence of catalyst.  

 

Table 11. Data of phthalic acid solubility in water at different temperatures (Stephen and Stephen 

1963). 

Temperature, oC 25.80 43.70 48.90 58.00 63.70 77.80 85.70 94.80 

Solubility, g/ L of H2O 7.21 13.42 16.75 23.29 29.83 56.21 82.18 134.43 

 

The main use of phthalic acid is for the production of phthalic anhydride which is the main 

commodity chemical utilized in several industries. Phthalic acid can be used to get 1,3-

cyclohexadiene by-product when reduced with sodium amalgam (McDonald and Reineke 

1970). Few amounts of produced phthalic acid is employed in phthalocyanine dyes, 

phenolphthalein and anthraquinone production. Table 12 shows the properties of phthalic 

acid. Bailey and Brown (1967) reported the crystal habit of different polymorphs of 

terephthalic acid under the triclinic crystal system. 

 

Table 12. Properties of phthalic acid at STP (wolframalpha.com 2016c). 

Properties Phthalic acid 

Molar mass, gmol-1 166.14 

Phase at STP Solid 

Melting point, oC 79 

Boiling point, oC 316 

Flash point, oC 205 

Density, kgm-3 1576 

Vapour pressure, mmHg 2 × 10−6 

Molar Heat of vaporization, kJmol-1 66.1 

Molar Heat of combustion, kJmol-1 3224 

Molar Heat of fusion, kJmol-1 36.50 

Lethal dosage, mg/kg 550 

 

Though studies on phthalic acid is quite limited probably due to its low demand but 

crystallization of phthalic acid has mostly been performed on laboratory scale for teaching 

purposes. A patent by Richfield Oil Corp. (1958) points to a novel process that suggests the 
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use of a range of elevated temperatures and super-atmospheric pressure in the continuous 

removal of isomers of phthalic acids and mixtures to enable controlled cooling. The process 

yields desired crystal properties from xylene and toluic acids oxidation using continuous 

liquid phase nitric acid. However, it was stated that controlled cooling is not necessary for 

products containing only the main phthalic (o-phthalic) acid. Amoco Corporation (1992) 

invented a process that involves a minimum of 2-stage continuous crystallizers in series. In 

the process, water is added at described conditions to supersaturated aqueous terephthalic 

acid solution with specific parameters. Following the process by Amoco Corporation (1992) 

offers lower parent compound impurity and optical density on terephthalic acid. 
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5 ANALYTICAL METHOD OF CRYSTAL PROPERTIES USED 

IN THE STUDY 

 

5.1 Morphology analysis 

The analysis on the product crystals were done to ensure proper understanding of the 

properties of the particle. The instrument used for analysing the morphology of product 

crystals was the Malvern Morphologi G3 imaging device as shown in Figure 19. It uses the 

static automated imaging technique to measure particle shape and size in the range of 0.5µm 

to 1mm though for some applications, the upper measurement limit may reach 10mm. This 

instrument is a tool for particle characterization that could measure the size, shape, count, 

location and transparency of the particles. It measures specific parameters for individual 

particles for the particle properties. For the particle size, circle equivalent (CE) diameter, 

width, length, area, perimeter, maximum distance, fiber total length, fiber width and sphere 

equivalent (SE) volume are measured. The parameters measured regarding the particle shape 

are high sensitivity (HS) circularity, circularity, aspect ratio, convexity, solidity, elongation, 

fiber straightness and fiber elongation. For particle transparency, intensity mean and 

intensity standard deviation can be obtained (Malvern.com 2016). 

 

 
Figure 19. Malvern Morphologi G3 particle imaging instrument. 
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The measurement process of this robust device involves three important steps which are 

preparation and dispersion of the sample, image capturing and data analysis. In the 

preparation of samples and dispersion step, wet and dry dispersion of samples can be used 

for measurement where fine particles are preferably dispersed wet, and dry dispersion is 

commonly utilized for large and free flowing crystals. At this step, the target is spatial 

separation of agglomerates and individual particles which brings about proper dispersion 

and leads to accurate results. The Morphologi G3 has a sample dispersing unit (SDU) for 

dry powders which aids proper dispersion at insignificant damaging impact. The next step 

after proper sample dispersion is image capturing where individual particles are scanned 

beneath the microscope optics while in focus. Once the individual images have been 

captured, they are analysed by measuring various morphological property of each particle. 

Morphologi G3 has innovative graphing and data classification choices which ensures that 

essential data are extracted from the measurement. These measurements are simple to 

understand through an intuitive visual interface (Malvern.com 2016). 

 

The Malvern Morphologi G3 instrument is used in some industrial applications like mineral 

processing and pharmaceutical applications. Advantages of this instrument ranges from 

improved characterization due to exceptional quality of microscopic images; automated 

control for unsupervised operation and result reliability; rapid automatic counting of 

particles on membrane filters; easy comprehension of results arising from the intuitive and 

effective software interface that improves both visual and statistical understanding 

(Malvern.com 2016). 
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6 MATERIALS AND METHOD 

 

6.1 Materials and equipment 

Technical grade potassium sulphate, copper sulphate, benzoic acid and phthalic acid were 

the model compounds used in this study. Ultrapure water was used as the solvent for all 

compounds while toluene was used as solvent for benzoic acid for a particular set of 

experiments. Equipment used includes a 4.5 litres U–bottom shaped jacketed glass reactor, 

pitched blade turbine impeller, peristaltic pump (Masterflex Pump Easy load II 77201-62), 

stainless steel pipe modules of 4mm inner diameter and 1mm thickness, 3 litres ultrasonic 

bath (Bandelin sonorex digitec DT102H) of 35 kHz and HF power of 120 Weff, VWR digital 

thermometer, Buchner funnel, vacuum flask, filter paper (< 2µm pore diameter), LAUDA 

thermostats and PT-100 temperature sensor. Conductivity meter (Knick Konduktometer 

702) was used for measuring the concentration in the mother liquor of the inorganic 

compounds and Morphologi G3MAL 1060289 Malvern instrument was used for product 

crystals characterization. 

 

6.2 Experimental set up 

The set up for the reference experiment shown in Figure 20 was made up of the U–bottom 

shaped jacketed glass reactor (crystallizer) fitted with pitched blade turbine impeller and a 

LAUDA thermostat.  

 

 
Figure 20. The reference experiment set up. 
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The impeller was used for mixing and the thermostat was used to heat the solution to 

specified temperature and control the cooling rate. The continuous experiments are carried 

out with the experimental set up presented in Figure 21 showing its basic configuration. The 

U–bottom shaped jacketed glass reactor serves as the feed vessel equipped with pitched 

blade turbine impeller driven by an electric motor. A LAUDA thermostat is connected to the 

jacket of the reactor to control and monitor the feed temperature with the PT-100 sensor 

immersed in the reactor. One part of the peristaltic pump is connected to the reactor and the 

other to the first crystallizer module. A crystallizer module consists of a particular length of 

coiled stainless steel pipe fully immersed and sealed in an ultrasonic bath. Three modules 

are connected in series with each having a LAUDA thermostat that controls the cooling 

water temperature in the ultrasonic bath.  

   

 
Figure 21. Flow diagram of the modular continuous crystallization system 
 

Filtration, drying and characterization of product crystals are the post-crystallization 

processes employed. The product suspension is sent to the filter unit for vacuum filtration. 

The Buchner funnel and the vacuum flask are the main components of the filtration unit.  

 

6.3 Experimental procedure 

 

6.3.1 Reference experiment 

The experiments were carried out in batch cooling crystallization mode. Three (3) litres of 

ultrapure water was used to dissolve a certain mass of the model compound which was in 

equilibrium solubility at 60oC. The inorganic model compounds and benzoic acid were used 

for the reference experiment. The solubility of K2SO4, CuSO4 and C6H5COOH in water at 
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60oC can be deduced from Table 3, Table 6 and Table 8 respectively. The deduced 

concentrations were scaled up to an equivalent concentration for 3 litres of water. 

Afterwards, the solution was heated to 70oC (+10oC saturation temperature) to ensure proper 

solute dissolution and was properly mixed for two hours for the inorganics and three hours 

for benzoic acid using the pitched blade turbine impeller. For the mixing period, the impeller 

was set at a speed of 300 rpm and 250 rpm for benzoic acid and the inorganics respectively. 

At the start of the experiment, the mixing speed was reduced to 120 rpm to minimize 

breaking of crystals due to mixing intensity. The cooling was done using controlled linear 

cooling mode, programmed on the LAUDA thermostat, as shown on the cooling ramp 

presented in Figure 22. 

 

 
Figure 22. Linear controlled cooling mode for the reference experiments. 

 

There was no foreign source to induce nucleation as the solution was cooled to 20oC. Product 

crystals were withdrawn from the crystallizer and filtered. The product crystals of the 

inorganics were washed in acetone to reduce absorbed water and dried in an oven at 105oC 

for about 48 hours and then analysed. The product crystal of benzoic acid was dried over 48 

hours at room temperature because it decomposes below its boiling point at temperatures 

between 50 to 100oC (Schwab and Wichers 1940). The product crystals of the batch 
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experiments were analysed and compared with the product crystals from the modular 

continuous crystallizer at different conditions.  

 

6.3.2 Continuous cooling crystallization experiment with ultrasound 

In this continuous crystallization system, there were possibilities of feasible (successful) and 

non-feasible (unsuccessful) operations. A successful run refers to crystallization experiment 

carried out without clogging issues in the modular continuous crystallizer. Part of the target 

in this study is to operate this system without clogging of crystals of the model compounds.  

 

Generally, the feed solution is prepared in the feed vessel with the right concentration of 

solute at a particular saturation temperature in proportion to the volume of solvent to be used. 

The density of water used in this study is assumed to be 1000 kgm-3 for ease of calculations. 

The feed was properly mixed with the impeller at about 300 rpm and heated to ± 5-10oC of 

the saturation temperature and maintained for about two (2) hours with the LAUDA 

thermostat. The cooling profile is selected using different conditions where the calculated 

saturation concentration at equilibrium of a particular module is calculated. The LAUDA 

thermostat connected to each modular crystallizer unit is set at the saturation temperature 

correspondent to the calculated concentration at equilibrium. From observation, there was 

approximately ± 0.3oC deviation from the bath temperature and the output temperature of 

each module. Afterwards, the ultrasound of each module is switched on to balance the bath 

temperature at about thirty (30) minutes before the start of the experiment. The pump is set 

at the desired volumetric flow rate for the particular experiment. After proper dissolution, 

the pump is switched on to drive the solution from the feed vessel into the modular 

crystallizers.  

 

The final temperature of the modular crystallizer for all experiment is 20oC. The resulting 

suspension is filtered then the crystals are dried and analysed. The product crystal analysis 

is done to identify the crystal morphology, size and size distribution. The solubility curves 

of the model compounds in their respective solvent are shown in Figure 24, Figure 25, Figure 

23, Figure 28, and Figure 47. 
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Figure 23. Solubility curve of benzoic acid and water system. 
  

The selection of the cooling profile is set based on equal conditions in each module which 

are defined on different basis; 

 

 Supersaturation (ΔC). Concentration difference is the basis of this condition. Thus, 

it can also be termed equal concentration driving force. Supersaturation has been 

observed overtime as the driving force of solution crystallization and has been 

defined mathematically in Eq. (1). On this basis, the cooling mode ensures that each 

module or crystallization stage achieves the same supersaturation (concentration 

difference) as the other thereby preventing higher supersaturation in any of the 

modules. The crystallization pattern in each stage can be observed in Figure 24. 

 

 ∆𝑐1 =  ∆𝑐2 =  ∆𝑐3 (26) 

 

The concentration difference expressed in Eq. (26) represents the supersaturation in 

each stage (module 1 to 3). With this operating condition, the supersaturation ratio 

(S) in each stage is unequal as the ratio increases accordingly from the first with the 

last module having the highest ratio. 



65 

 

 
Figure 24. Potassium sulphate solubility curve showing equal supersaturation (ΔC) in each module 

for a cooling temperature range of 63.01oC – 20oC. 
 

 Temperature difference (ΔT). The concept behind this is to ensure equal 

temperature drop in each module as shown in Figure 25. The temperature interval in 

each stage helps to avoid excess local supersaturation in each stage (module). This 

condition was also described by Mersmann (2001) in a continuous multistage cooling 

crystallization process involving eight countercurrent crystallizers connected in 

series. 

 

 ∆𝑇1 =  ∆𝑇2 =  ∆𝑇3 (27) 

 

The temperatures in Eq. (27) corresponds to the equivalent temperatures of the 

saturation concentrations at each stage. With this condition, the actual 

supersaturation (ΔC) in terms of concentration driving force is unequal. More so, the 

concentration difference increases or decreases by module dependent on the 

solubility curve of the model compound. 
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Figure 25. Copper sulphate solubility curve showing equal temperature difference (ΔT) in each 

module for a cooling temperature range of 53.21oC – 20oC. 
 

 Supersaturation ratio (S). The same supersaturation ratio in each crystallizer is the 

idea behind this condition. Eq. (2) clearly defines this condition and this can be 

expressed in each stage with Eq. (28) even though the supersaturation ratio is also a 

way of expressing supersaturation. Figure 26 shows the concentration and 

temperature differences for a cooling profile selected with equal supersaturation ratio 

(S) in each module.  

 

 𝑆1 =  𝑆2 =  𝑆3 (28) 
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Figure 26. Copper sulphate solubility curve having equal supersaturation ratio (S) in each module 

for a cooling temperature range of 53.21oC – 20oC. 

 

For each module having equal supersaturation ratio, the actual supersaturation (ΔC) 

in terms of concentration driving force is unequal. Also, it decreases accordingly with 

the last module having the lowest difference. Figure 27 shows an explanatory 

difference between supersaturation (ΔC) and supersaturation ratio (S) in each 

module. 

 

 
Figure 27. Supersaturation (ΔC) and supersaturation ratio (S) comparison in each module. 

 



68 

 

 
Figure 28. Solubility curve of phthalic acid and water system. 
 

6.3.3 Analysis of product crystals 

Morphologi G3 was used for product crystal characterisation. The crystal habits were 

compared with their aspect ratios and microscopic images taken at x2.5 magnification. The 

crystal sizes were compared with their de Brouckere mean diameter (D[4,3]), sauter diameter 

(D[3,2]) and median diameter in volume basis (D[v,0.5]). D[4,3] is the mean diameter in 

volume basis while D[3,2] is the surface area mean diameter. The D[v,0.5] is the particle 

diameter in which 50% of the particles are smaller than and 50% of the particles are larger 

than. The size range for each experiment was also given by the crystal size distribution. One 

key benefit of using the Morphologi G3 is its ability to measure the properties of large 

amount of crystals in a single analysis. Hence, average values of different crystal properties 

measured are obtained with high accuracy. The amount of crystals analysed for the 

experiments were within the range of 20000 to 112000 for K2SO4, 46000 to 175000 for 

CuSO4, 24000 to 154000 for C6H5COOH and 30000 to 74000 for C6H4(COOH)2. 

 

Aspect ratio is the ratio of the width to the length of the particle. Elongation is the result 

when the aspect ratio is subtracted from one. Aspect ratio ranges from 0 to 1. The aspect 

ratio gives a clearer judgement to the crystal shape as crystals approaching zero denotes 
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needle-like particles while those approaching one are closer to equiaxed shapes like square 

or circle. Convexity and solidity were the properties used to filter out most agglomerates 

from the analysis. Convexity helps to identify the surface roughness of a crystal while 

solidity helps to identify the particles that are solid or firm. Crystals that have convexity less 

than 0.9 and/or solidity less than 0.85 were filtered out. Z-stacking was employed in the 

morphology analysis because the imaging technique of the instrument scans the crystals as 

2-D images rather than 3-D thereby missing the Z height. With Z-staking, the imaging was 

done at 2 differential Z heights and then intersects them to form a single composite image in 

which actual crystal measurements are determined (Morphologi G3 User Manual 2015). 

 

6.3.4 Effect of Residence time 

The residence time was manipulated by changing the flow rate of the pump for varying initial 

solution concentrations and specific condition for cooling profile selection. Different flow 

rates were taken into account as shown in Table 13 and this was carried out only for the 

inorganics and benzoic acid. A steel pipe of length 12 m with 0.4 cm inner diameter was 

used in each module in this case. The pump hose and the silicon coated hose pipe used for 

connecting each module to the other had an inner diameter of 0.6 cm and a total length of 

156 cm. The theoretical volume of the crystallization path consisting of the total volume of 

the steel pipes and the connectors was calculated. The corresponding residence times and 

flow velocities for set flow rates were calculated using Eqs. (29) and (30) respectively. 

 

 
𝜏 =  

𝑉

 𝑄 
 (29) 

 

Where,  𝜏 Residence time, s 

  𝑉 Volume of the crystallization path, m3 

  𝑄 Volumetric flow rate, m3/s 

 

 
𝑣𝑓 =  

𝑄

𝐴𝑖
 (30) 

 

Where,  𝑣𝑓 flow velocity, m/s 

  𝐴𝑖 Internal cross sectional area of the pipe or hose connector, m2 
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The residence time changed in the experiments conducted for benzoic acid due to some 

reconfiguration of the system which affected only the length of the connectors. The 

connector length increased to 170 cm which directly affects the volume of the crystallization 

path. The flow velocity remains same as the diameter of the pipes were not affected. Due to 

this, the initially described crystallization path for the inorganics is represented with 

subscript “a” and that of benzoic acid due to reconfiguration of the connectors are 

represented with subscript “b”. The volume of the continuous crystallization path, residence 

times, and flow velocities correspondent to the volumetric flow rate are listed in Table 13. 

 

Table 13. Flow rate, crystallization volume, flow velocity, and residence time for initial configuration 

of the modular continuous crystallizer. 

Q 

(ml/min) 
Va (ml) 

τa 

(mins) 
Vb (ml) 

τb 

(mins) 

Flow velocity through 

the pipe module (cm/s) 

Flow velocity through 

the connectors (cm/s) 

49 496.50 10.13 500.46 10.21 6.50 2.89 

60 496.50 8.28 500.46 8.34 7.96 3.54 

75 496.50 6.62 500.46 6.67 9.95 4.42 

100 496.50 4.97 500.46 5.00 13.26 5.89 

120 496.50 4.14 500.46 4.17 15.92 7.07 

150 496.50 3.31 500.46 3.34 19.89 8.84 

 

In sample preparation, two (2) litres of ultrapure water was the working volume of the 

solvent used to dissolve the proportionate saturation concentration of the model compound 

at its equivalent saturation temperature. The procedure earlier described for continuous 

experiments are followed. Different initial solution concentrations were tried to ensure the 

modular continuous crystallizer operates at set conditions without any clogging problems 

for about four (4) residence times. Four residence times satisfies complete pumping of the 

solution in the feed vessel into the crystallizer modules. The initial solution concentrations 

of the compounds were varied to achieve the highest initial concentration which gives a 

successful run at the highest residence time. As a result, subsequent experiments were carried 

out at selected lower residence times. 

 

The potassium sulphate experiments were carried out with residence times, τa, in Table 13 

at equal supersaturation (∆C) in each module. The copper sulphate experiments were carried 

out using equal supersaturation ratio (S) in each module at residence times, τa, in Table 13 

asides 10.13 mins. The residence times, τb, in Table 13 was used without 10.21 mins with 
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equal supersaturation in each module for the benzoic acid experiments. The product crystals 

of the successful runs were compared with the batch (reference) sample. 

 

6.3.5 Effect of cooling profile selection conditions 

Here, cooling profiles are varied for a specific residence time and initial solution 

concentration. The experiments were done to observe the effect of different conditions used 

in selecting the cooling profile at a particular residence time on a bench scale. In addition, 

the length of the stainless steel pipe in each module was increased to 18 m without adjusting 

any other dimension of the pipe or the module in general. The minimum flow rate which 

could give successful runs for all model compounds in previous experiments was 75 

mL/min. Thus, it was selected as the constant flow rate for further experiments with its 

corresponding residence time as 9.69 mins as presented in Table 14. 

 

Table 14. Flow rate, crystallization volume and residence time for scaled up configuration of the 

modular continuous crystallizer. 

Flow rate (ml/min) Volume (ml) Residence time (mins) 

75 726.65 9.69 

100 726.65 7.27 

120 726.65 6.06 

150 726.65 4.84 

  

A direct scale up pattern was applied on the basis of constant product rate where the 

residence time of the new configuration and the solvent volume are varied. The pattern was 

done to predict a feasible initial solution concentration and its corresponding temperature to 

run experiments on the bench scale configuration. Thus, the product rate for each 

configuration is defined by Eq. (31). 

 

 𝑐1𝑉𝑠1

𝜏1
=  

𝑐2𝑉𝑠2

𝜏2
 (31) 

 

Where,  𝑐1 Initial solution concentration in the initial configuration, kg/m3 

𝑐2 Starting solution concentration in new configuration, kg/m3 

  𝜏1 Residence time for initial configuration at selected flow rate, s 

  𝜏2 Residence time for new configuration at same flow rate, s 
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  𝑉𝑠1 Volume of solvent used in initial configuration, m3 

  𝑉𝑠2 Suggested solvent volume to be used in new configuration, m3 

 

Table 15. Calculated concentration for initial scale up and its corresponding temperature. 

Compound c1 (g/l) Vs1 (ml) τ1 (mins) Vs2 (ml) τ2 (mins) c2 (g/l) Ti (oC) 

K2SO4 160.00 2000 6.62 2500 9.69 187.33 63.01 

CuSO4 300.00 2000 6.62 2500 9.69 351.25 53.21 

C6H5COOH 7.50 2000 6.67 2500 9.69 8.71 49.62 

 

The investigation for the effect of conditions used in selecting the cooling profile in the 

modular continuous crystallizer was carried out with all model compounds. The solutions 

were prepared with concentrations, c2, in Table 15 proportionate in equilibrium to 2.5 litres 

of solvent at the corresponding temperatures for the compounds listed. The solution 

concentration used for phthalic acid was estimated to achieve successful runs. Water was the 

solvent used in this investigation for all model compounds. Also, toluene was used as a 

solvent specifically for benzoic acid.  

 

The steps taken to run these experiments are same as defined in earlier experimental 

procedure stated for “continuous cooling crystallization experiments”. The conditions used 

for selecting cooling profiles were studied on K2SO4, CuSO4, C6H5COOH, and 

C6H4(COOH)2 at specific starting concentrations at a constant residence time of 9.69 mins 

shown in Table 16. The table also shows the cooling profile based on the conditions used for 

its selection. The product crystals of the successful runs were compared with the batch 

(reference) samples. The conductivity meter was then used to analyse the concentration of 

solute in the mother liquor (ML) of the inorganics while that of the organics was determined 

by solvent evaporation. A calibration curve was created from corresponding conductivities 

of the inorganic salts showing proportionality with its concentration. 
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Table 16. Initial solution concentrations and cooling profiles showing the specific parameters in 

each module at a residence time of 9.69 mins. (Feasible conditions in blue) 

Compound 
Equal 

Conditions 
Unit 

Conc., 

g/100g H2O 

ΔC, g/100g 

H2O 
S 

ΔT, 
oC 

Equivalent 

temp, oC 

CuSO4 

ΔC 

Feed 35.13    53.21 

Module 1 30.32 4.81 1.16 9.52 43.69 

Module 2 25.51 4.81 1.19 10.99 32.70 

Module 3 20.70 4.81 1.23 12.65 20.00 

ΔT 

Feed 35.13    53.21 

Module 1 29.60 5.52 1.19 11.05 42.15 

Module 2 24.86 4.74 1.19 11.05 31.10 

Module 3 20.70 4.16 1.20 11.05 20.00 

S 

Feed 35.13    53.21 

Module 1 29.45 5.68 1.19 11.39 41.82 

Module 2 24.69 4.76 1.19 11.15 30.67 

Module 3 20.70 3.99 1.19 10.62 20.00 

K2SO4 

ΔC 

Feed 18.73    63.01 

Module 1 16.20 2.54 1.16 15.05 47.96 

Module 2 13.66 2.54 1.19 14.21 33.74 

Module 3 11.12 2.54 1.23 13.75 20.00 

ΔT 

Feed 18.73    63.01 

Module 1 16.32 2.41 1.15 14.34 48.67 

Module 2 13.77 2.55 1.19 14.34 34.33 

Module 3 11.12 2.65 1.24 14.34 20.00 

S 

Feed 18.73    63.01 

Module 1 15.74 2.99 1.19 17.63 45.38 

Module 2 13.23 2.51 1.19 13.96 31.41 

Module 3 11.12 2.11 1.19 11.42 20.00 

Benzoic acid 

ΔC 

Feed 0.87    49.62 

Module 1 0.68 0.19 1.28 6.87 42.75 

Module 2 0.49 0.19 1.39 9.14 33.61 

Module 3 0.30 0.19 1.63 13.70 20.00 

S / ΔT 

Feed 0.87    49.62 

Module 1 0.61 0.26 1.43 9.91 39.72 

Module 2 0.43 0.18 1.43 9.91 29.81 

Module 3 0.30 0.13 1.43 9.91 20.00 

Phthalic acid 

ΔC 

Feed 2.74    60.01 

Module 1 1.99 0.75 1.38 7.47 52.54 

Module 2 1.24 0.75 1.60 11.03 41.50 

Module 3 0.50 0.75 2.51 21.55 20.00 

S / ΔT 

Feed 2.74    60.01 

Module 1 1.55 1.19 1.77 13.35 46.65 

Module 2 0.88 0.67 1.77 13.35 33.30 

Module 3 0.50 0.38 1.77 13.35 20.00 
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6.3.6 Effect of supersaturation ratio and steady state verification on phthalic acid 

Equal supersaturation ratio (S) in each module was used for the experiment. The initial 

solution concentration of phthalic acid for each experiment was varied at a constant 

residence time. The experiments follow the same procedure explained earlier, in chapter 

6.3.4, for sample preparation and crystallizer operation. Producing crystals at steady state is 

very necessary in a continuous crystallization process. Steady state aids even residence time 

distribution which enables all formed crystals to experience uniform process condition in the 

modular crystallizer (Tung et al. 2009).  

 

To confirm the crystallizer is operating at steady state from start up, the equivalent volume 

of the first residence time (first suspension) which is approximately 730ml is collected from 

the output of the last module. The first and subsequent suspensions are separately filtered, 

dried and analysed. It is anticipated that from the second residence time onwards, the flow 

in the crystallizer would be stable and balanced. The solubility curve for phthalic acid is 

shown in Figure 28. Table 17 shows the initial solution concentrations and calculated 

saturation concentrations at equilibrium for each module having equal supersaturation ratios 

of phthalic acid. 

  



75 

 

Table 17. Phthalic acid saturation concentrations at equilibrium for each module and its equivalent 

temperature showing equal module supersaturation ratios (feasible conditions in blue). 

Unit 
Concentration, 

g/l 

Supersaturation 

ratio (S) 

Supersaturation 

(∆c), g/l 

Saturation temperature, 
oC 

Feed 8.57   32.76 

Module 1 7.14 1.20 1.43 28.49 

Module 2 5.95 1.20 1.19 24.22 

Module 3 4.96 1.20 0.99 20.00 

Feed 12.40   41.42 

Module 1 9.14 1.36 3.26 34.26 

Module 2 6.73 1.36 2.40 27.11 

Module 3 4.96 1.36 1.77 20.00 

Feed 18.00   50.15 

Module 1 11.71 1.54 6.29 40.08 

Module 2 7.62 1.54 4.09 30.02 

Module 3 4.96 1.54 2.66 20.00 

Feed 25.00   57.84 

Module 1 14.58 1.71 10.42 45.21 

Module 2 8.50 1.71 6.08 32.58 

Module 3 4.96 1.71 3.54 20.00 

Feed 27.42   60.01 

Module 1 15.51 1.77 11.91 46.65 

Module 2 8.77 1.77 6.74 33.30 

Module 3 4.96 1.77 3.81 20.00 

Feed 34.00   65.04 

Module 1 17.90 1.90 16.10 50.01 

Module 2 9.42 1.90 8.48 34.98 

Module 3 4.96 1.90 4.46 20.00 
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7 RESULTS AND DISCUSSION 

The results consists mainly of the outcomes from the experiments and product crystal 

analysis. More so, the discussion tries to correlate the results with literatures studied. The 

moisture content shows the amount of solvent still absorbed within the crystal structure 

before drying. The crystal yield is a criterion to measure the performance of the modular 

crystallizer and its corresponding operating condition. The theoretical yield refers to the 

maximum crystal yield that could be achieved after the crystallization process (Mullin 2001). 

The actual yield is mostly lower than the theoretical yield, hence the need for the calculation 

of the percentage actual yield. 

 

 
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, 𝑀𝐶  (%) =  

𝑊𝑤 − 𝑊𝐷

𝑊𝐷
× 100 (32) 

 

Where,  𝑊𝑤 Mass of wet crystals, kg 

  𝑊𝐷 Mass of dry crystals, kg 

 

 𝑌 = 𝑊𝑠 (𝑐𝑖 − 𝑐𝑓) (33) 

 

Where,  𝑌 Theoretical yield, kg 

  𝑊𝑠 Mass of solvent used in the experiment, kg 

  𝑐𝑖 Initial solution concentration, kg/m3 

  𝑐𝑓 Final solution concentration, kg/m3 

 

 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑦𝑖𝑒𝑙𝑑 (%) =  

𝑊𝐷

𝑌
 × 100 (34) 

 

The percentage moisture content (MC), the theoretical yield (Y) and the percentage actual 

yield were calculated using Eq. (32), Eq. (33) and Eq. (34) respectively.  

 

Furthermore, the experiments are in laminar flow based on the flow velocity in the 

crystallizer. The possibility of clogging in the continuous crystallizer could be dependent on 

the settling velocity of the nucleating crystals or fully formed crystal in the crystallizer which 

is higher than the flow velocity. 
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𝑣𝑠 =

𝑔𝑑𝑝
2(𝜌𝑝 − 𝜌𝑓)

18𝜇
   (35) 

 

Where,  𝑣𝑠 Settling velocity, m/s 

  𝑔 Acceleration due to gravity, m/s2 

  𝑑𝑝 D [4, 3] mean diameter of the particle, m 

  𝜌𝑝 Density of the particle, kg/m3 

  𝜌𝑓 Density of the solvent, kg/m3 

  𝜇 Dynamic viscosity of the solvent, Pa.s 

 

The settling velocity is reached when the net gravitational force of a particle which is or 

assumed to be spherical is equal to the drag force (Cheng, 1997) and is defined by the Navier-

stokes equation in Eq. (35). The particle densities are extracted from Table 4, Table 7, Table 

10 and Table 12 for K2SO4, CuSO4, C6H5COOH and C6H4 (COOH)2 respectively. 

  

7.1 Effect of residence time 

Residence time is very important in continuous cooling processes. In a continuous operation, 

the cooling rate is slower for longer residence times compared to shorter residence times 

with same cooling profile and feed volume.  

  

7.1.1 Effect of residence time on potassium sulphate  

Experiments carried out to investigate the effect of residence time had some successful and 

unsuccessful runs. The initial solution concentration was varied till a solution concentration 

for a successful run was achieved. The operating conditions varied for this part of the study 

are tabulated in Table 18. The first chosen initial solution concentration was proposed on the 

basis of the temperature interval used for the reference experiments. The unsuccessful runs 

were carried out at a residence time of 10.13 mins equivalent to a flow rate of 49 ml/min. 
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Table 18. Operating conditions of K2SO4 at different initial solution concentration, supersaturation 

and residence times. (Feasible conditions in blue). 

Unit 
Residence time, 

mins 

Concentration, 

g/100g water 

Equal ΔC, 

g/100g water 

Supersaturation 

ratio (S) 

Equivalent 

temperature, 
oC 

Feed 

10.13 

18.20   60.00 

Module 1 17.42  1.04 55.00 

Module 2 14.78  1.18 40.00 

Module 3 11.10  1.33 20.00 

Feed 

10.13 

18.20   60.00 

Module 1 15.83 2.37 1.15 45.88 

Module 2 13.47 2.37 1.18 32.70 

Module 3 11.10 2.37 1.21 20.00 

Feed 

10.13 

16.00   46.84 

Module 1 14.37 1.63 1.11 37.67 

Module 2 12.73 1.63 1.13 28.68 

Module 3 11.10 1.63 1.15 20.00 

Feed 

8.28 

16.00   46.84 

Module 1 14.37 1.63 1.11 37.67 

Module 2 12.73 1.63 1.13 28.68 

Module 3 11.10 1.63 1.15 20.00 

Feed 

6.62 

16.00   46.84 

Module 1 14.37 1.63 1.11 37.67 

Module 2 12.73 1.63 1.13 28.68 

Module 3 11.10 1.63 1.15 20.00 

Feed 

4.97 

16.00   46.84 

Module 1 14.37 1.63 1.11 37.67 

Module 2 12.73 1.63 1.13 28.68 

Module 3 11.10 1.63 1.15 20.00 

Feed 

4.14 

16.00   46.84 

Module 1 14.37 1.63 1.11 37.67 

Module 2 12.73 1.63 1.13 28.68 

Module 3 11.10 1.63 1.15 20.00 

Feed 

3.31 

16.00   46.84 

Module 1 14.37 1.63 1.11 37.67 

Module 2 12.73 1.63 1.13 28.68 

Module 3 11.10 1.63 1.15 20.00 

 

For the first condition in Table 18, the blockage occurred because the cooling profile was 

set as that of the reference experiment which was not a defined condition for manipulating 

the supersaturation in each module. At equal supersaturations of 2.37 and 1.63 g of 

K2SO4/100g water for each module, blockages occurred at a residence time of 10.13 mins 
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due to the presence of excessive supersaturation in the module and low flow velocity. Furuta 

et al. (2016) also reported same reason for blockages in their tubular crystallizer. Also, the 

flow velocity of 6.5 cm/s was quite low to push the mass of nucleating crystals in the module 

thereby leading to crystal clog in the module. Additionally, it has been reported that the 

MSZW of K2SO4 is quite wide (about 6oC) in seeded processes (Mullin 2001; Mullin and 

Gaska 1969) thus having an average induction time. Deductively, the clogging might have 

also occurred due to “crash” nucleation and growth of most crystals in the second module 

which was accompanied by low flow velocity. 

 

At a residence time of 8.28 mins and equal module supersaturation of 1.63 g of K2SO4/100g 

water, the experiment yielded a successful run as it completed about four residence times 

without clogging. Table 19 shows the experimental results for the successful runs at different 

residence times. 

 

Table 19. Experimental results for K2SO4 at the same initial solution concentration at constant 

equal module supersaturation (ΔC) at different residence times for a cooling temperature range of 

46.84oC – 20oC. 

Residence 

time, mins 

Mass of wet 

crystals, g 

Mass of dry 

crystals, g 

Moisture content, 

% 

Theoretical 

yield, g 

Yield, 

% 

8.28 10.38 10.34 0.39 98.00 10.55 

6.62 41.16 40.95 0.51 98.00 41.79 

4.97 9.64 9.38 2.77 98.00 9.57 

4.14 32.53 32.47 0.18 98.00 33.13 

3.31 34.88 34.82 0.17 98.00 35.53 

 

From the experimental results, it is seen that the moisture content is very low which is due 

to the fact that the crystals were washed in acetone and filtered afterwards. Acetone absorbs 

the excess water in the potassium sulphate crystals leaving it almost dry after filtration. The 

poor yield from the crystallizer can be attributed to crystals that have settled along the 

crystallization path and could not flow out till the end of the process.  
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Figure 29. Microscopic images (x2.5) of K2SO4 crystals at (a) 8.28 mins (b) 6.62 mins (c) 4.97 mins 

(d) 4.14 mins (e) 3.31 mins residence times from the modular continuous crystallizer at equal 

supersaturation (ΔC) for a cooling temperature range of 46.84oC–20oC, and (f) batch. 

 

The microscopic images of the dry potassium sulphate crystals analysed for each residence 

time is introduced in Figure 29. The images show the habit of the crystals in comparison to 

the habit of the batch crystals. It is evident from Figure 29 that the particles of K2SO4 are 

transparent crystalline particles. The longer residence times possess quite spherical crystals 

which can be attributed to a higher effect of ultrasound on the crystals. The crystals from 

other residence times and the batch looks more prismatic in view which is identical to the 

orthorhombic crystal structure. The structure corresponds to the orthorhombic nature of 

potassium sulphate recorded in Mullin (2001) and Schultz et al. (2000).  

 

The aspect ratio in Figure 30 is quite indistinct as regards the shape at different residence 

times. Most of the crystals from the continuous crystallizer expresses consistency in their 

crystal morphology as ultrasound disrupts the crystals along their longest lengths. However, 

the batch crystals show much variations in their crystal shape which is coherent with the 

findings that continuous processes usually suppress the crystal variations in batch processes 

(Tung et al. 2009; Su, Nagy and Rielly 2015; Gong et al. 2016). 

 

d e
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Figure 30. Crystal size distribution and aspect ratio in volume distribution for potassium sulphate 

crystals at equal supersaturation (ΔC) for each module at different residence times for a cooling 

temperature range of 46.84oC – 20oC. 

 

The CSD shown in Figure 30 shows a wide distribution of particles ranging from about 

15µm to 2mm with some agglomerates still present for the batch samples. According to Tung 

et al. (2009) and Young (1989), ultrasound can create secondary nucleation from disrupting 

crystals. Also, Ruecroft et al. (2005) reported that continuous sonication offered narrower 

particle size distribution and smaller crystals. In line with these literatures, the longest 

residence time of 8.28 mins possessed the narrowest CSD due to the fact the crystals 

experience more ultrasound effect thereby producing smaller crystals. However, the 

residence times of 6.62 and 4.97 mins did not conform to longer residence times possessing 
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narrower CSD. This inconsistency can be ascribed to secondary nucleation resulting from 

ultrasound triggered attrition and possible formation of large agglomerates with regular 

shapes. In addition, the longer the residence time, the higher the possibility of the crystals to 

observe a growth – attrition – growth sequence. In other words, the crystals grow due to 

primary nucleation then the crystals attrite due to constant ultrasonic effect leading to 

secondary nucleation which creates more nucleation sites for growth. In contrast to the 

sequence of the longest residence time of 8.28 mins, Lawton et al. (2009) reported wider 

CSD was observed for slower cooling rate (long residence time) compared to faster cooling 

rate in their experiments with continuous oscillatory baffled crystallizer. The CSD did not 

show a clear sequence on the effect of residence time for the times studied since the CSD of 

the batch crystals was narrower than the two size distributions from the continuous process. 

 

 
Figure 31. Mean aspect ratios, mean and median particle diameters of K2SO4 at different residence 

times for a cooling temperature range of 46.84oC – 20oC. 

 

The mean diameter of the particles in Figure 31 are not in harmony with varying residence 

times as batch crystals are expected to have larger crystals. The discrepancy rising from the 

mean diameters of 6.62 and 4.97 mins residence times can also be attributed to their wide 

size distributions. In other words, the process of ultrasound disruption of the growing crystals 

at 6.62 and 4.97 mins residence times created smaller fines (due to attrition) which resulted 

to the wide CSD. From Figure 31, it is deducible that the mean aspect ratios for K2SO4 

crystals reduce with decreasing residence time. Crystals at longer residence times have closer 

width to length ratios due to the ultrasound effect as earlier discussed.  
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Figure 32. Flow velocities and settling velocities of crystals at cooling temperature ranges of 

46.84oC – 20oC for K2SO4 and 43.01oC – 20oC for CuSO4 at different residence times. 

 

The settling velocities of the crystals from the modular crystallizer are lower than their 

respective flow velocities except for the residence times of 6.62 and 4.97 mins as shown in 

Figure 32. The settling velocity is proportional to the mean diameter of the particles. 

Theoretically, settling velocity is reached when the net gravitational force of an assumed 

spherical particle is equal to the drag force (Cheng 1997). The drag force is a function of the 

crystal flow velocity in this case. Hence, when the flow velocity is much higher than the 

settling velocity (vf >> vs), the crystals should flow without clogging. However, there was 

still a successful flow at residence times of 4.97 and 6.62 mins even with their higher settling 

velocities. At 4.97 mins, the lowest crystal yield was observed which can be ascribed to the 

high settling velocity of the crystals. Although, the highest crystal yield was observed at 6.62 

mins even with high settling velocity. 

 

7.1.2 Effect of residence time on copper sulphate 

To investigate the influence of residence time on copper sulphate crystals, the modular 

continuous crystallizer achieved some feasible conditions shown in Table 20. However, 

some unsuccessful runs were observed thereby creating a necessary boundary for operations 

and process parameter manipulations. 
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Table 20. Operating conditions of copper sulphate at a different residence times, initial solution 

concentrations and supersaturation. (Feasible conditions in blue). 

Unit 
Residence 

time, mins 

Concentration, 

g/100g water 

Supersaturation 

(ΔC), g/100g H2O 

Supersaturation 

ratio (S) 

Equivalent 

temperature, oC 

Feed 

4.14 

40.00   60.00 

Module 1 32.10 7.90 1.25 47.38 

Module 2 25.70 6.40 1.25 33.17 

Module 3 20.70 5.00 1.24 20.00 

Feed 

4.14 

40.00   60.00 

Module 1 33.57 6.43 1.19 50.27 

Module 2 27.13 6.43 1.24 36.59 

Module 3 20.70 6.43 1.31 20.00 

Feed 

4.14 

35.00   52.97 

Module 1 29.38 5.62 1.19 41.67 

Module 2 24.66 4.72 1.19 30.60 

Module 3 20.70 3.96 1.19 20.00 

Feed 

8.28 

35.00   52.97 

Module 1 30.23 4.77 1.16 43.51 

Module 2 25.47 4.77 1.19 32.60 

Module 3 20.70 4.77 1.23 20.00 

Feed 

6.62 

33.00   49.17 

Module 1 27.27 5.73 1.21 36.91 

Module 2 23.72 3.56 1.15 28.19 

Module 3 20.70 3.02 1.15 20.00 

Feed 

6.62 

33.00   49.17 

Module 1 28.90 4.10 1.14 40.61 

Module 2 24.80 4.10 1.17 30.95 

Module 3 20.70 4.10 1.20 20.00 

Feed 

6.62 

30.00   43.01 

Module 1 26.43 3.57 1.13 34.93 

Module 2 23.39 3.04 1.13 27.35 

Module 3 20.70 2.69 1.13 20.00 

Feed 

4.97 

30.00   43.01 

Module 1 26.43 3.57 1.13 34.93 

Module 2 23.39 3.04 1.13 27.35 

Module 3 20.70 2.69 1.13 20.00 

Feed 

4.14 

30.00   43.01 

Module 1 26.43 3.57 1.13 34.93 

Module 2 23.39 3.04 1.13 27.35 

Module 3 20.70 2.69 1.13 20.00 

 

Unsuccessful runs were as a result of high supersaturation generated in each module from 

the high initial concentration. According to Coulson and Richardson (2002), heterogeneous 
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nucleation occurs faster at lower supersaturation. Therefore, high supersaturation triggered 

slower nucleation rate which led to gradual accumulation of forming crystals with time and 

finally resulted to the crystallizer blockage. 

 

Table 21. Experimental results for copper sulphate at the same initial solution concentration at 

constant equal module supersaturation ratio (S) of 1.13 at different residence times for a cooling 

temperature range of 43.01oC – 20oC. 

Residence 

time, mins 

Mass of wet 

crystals, g 

Mass of dry 

crystals, g 

Moisture 

content, % 

Theoretical 

yield, g 
Yield, % 

6.62 150.74 103.65 45.43 186.00 55.73 

4.97 114.06 76.47 49.16 186.00 41.11 

4.14 85.45 41.16 107.60 186.00 22.13 

 

From the observed experimental results presented in Table 21, the high moisture content of 

the product crystals is due to the fact that copper sulphate crystallizes as pentahydrate. Then, 

it returns to anhydrate after drying even though it was washed with acetone thus showing 

the hydrophilic nature of CuSO4 crystals. With increasing residence time (slower cooling 

rate), there is more time for nucleation and growth of crystals thereby offering higher crystal 

yield. 

 

 
Figure 33. Microscopic images (x2.5) of CuSO4 crystals at (a) 6.62 mins (b) 4.97 mins (c) 4.14 mins 

residence times from the modular continuous crystallizer at equal supersaturation ratio (S) for each 

module at a cooling temperature range of 43.01oC–20oC; and (d) batch. 
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The copper sulphate crystals recovered are in anhydrous form and the images at different 

residence times are shown in Figure 33. The figure shows the soft and powdery nature of the 

crystals. The CuSO4 crystals are similar at different conditions and quite identical to the 

orthorhombic crystal structure which was also reported by Kokkoros and Rentzeperis 

(1958). Although Myerson and Ginde (2002) observed the structure of the pentahydrate as 

triclinic, the difference with the orthorhombic structure lies in the value of the angle of their 

axes. The batch crystals appear to have a regular shape. However, the effect of ultrasound is 

also observed from the images as the batch crystals which were not sonicated appears bigger.  

 

 
Figure 34. Crystal size distribution and aspect ratio in volume distribution for copper sulphate 

crystals at equal supersaturation ratio (S) for each module at different residence times for a cooling 

temperature range of 43.01oC – 20oC. 
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The CSD and aspect ratio show the uneven nature of crystal shape and sizes of the batch 

crystals in Figure 34. Accompanied with the effect of ultrasound, longer residence times may 

offer narrower distributions and smaller mean particle size in comparison to the shorter 

times. However, this is not the case for every increase in residence time especially when 

growth process is dominant (Rawlings, Sink and Miller 2002). In other words, at a long 

residence time, the product crystals might have observed attrition thereby producing smaller 

crystals and fines while after the long residence time, the crystals would continue to grow 

due to nucleation sites created from the fines (secondary nuclei). Also from Figure 34, 

CuSO4 crystals from the modular continuous crystallizer show a cumulative range of 2µm-

420µm as compared to the batch that offers a wider size distribution of about 10µm-1mm. 

This finding can be ascribed to the effect of ultrasound on the modular crystallizer which is 

similar to literatures where sonication gave smaller crystal sizes compared to non-sonication 

(Ashley 1974; Hatkar and Gogate 2012). Besides, the various steeps on the CSD shows that 

there are still irregular crystals or agglomerates in the sampled product. 

 

Variations in batch crystal habit is noticeable as those from continuous processes maintain a 

range of even crystal shapes. Sonication in the modular continuous crystallizer is the reason 

for the uniform shape of the product crystals which is in line with the suggestion of Kats et 

al. (2013) to use ultrasound to improve crystal size and shape homogeneity. The variations 

in batch crystal habit exist because the controlled cooling was not sufficient to control crystal 

sizes and distribution in the reference experiment. From Figure 35, the mean aspect ratio of 

the batch is seen to be higher than those of the continuous system but this does not change 

the habit variations presented in Figure 34. 

 

The average particle diameters of copper sulphate at different residence times presented in 

Figure 35 shows that the batch crystals possess larger diameters compared to crystals from 

the continuous crystallizer. Also, it is observed that the mean diameter of crystals from the 

continuous process are pretty close to each other at different residence times. 
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Figure 35. Mean aspect ratios, mean and median particle diameters of CuSO4 at different residence 

times for a cooling temperature range of 43.01oC – 20oC. 

 

Ruecroft et al. (2005) observed continuous sonication achieved smaller crystals and 

narrower CSD. Hence, the large average diameter of the batch crystals is due to the fact that 

the batch experiment was not sonicated. Majority of the crystals from the continuous 

crystallizer in Figure 34 are quite rectangular or cuboid-like since their aspect ratios fall 

within 0.6 – 0.7. The aspect ratio range from most particles conforms to the average in Figure 

35. The settling velocities of CuSO4 crystals from the continuous crystallizer presented in 

Figure 32 were much lower than their respective flow velocities. In other words, this 

indicates that the drag force, influenced by the flow velocity, of most crystals did not 

equalize with their gravitational force. The phenomenon observed readily conformed with 

the criteria necessary to achieve successful runs. 

 

7.1.3 Effect of residence time on benzoic acid  

Studying the influence of residence time on crystals of benzoic acid achieved from the 

continuous crystallization seemed to be quite tough. Though the outcome offered operating 

boundaries which supports crystallizing aqueous benzoic acid by cooling. Benzoic acid 

solubility curve is presented in Figure 23.  
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Table 22. Operating conditions of C6H5COOH at different initial solution concentrations and 

supersaturation. (Feasible conditions in blue) 

Unit 
Residence 

time, mins 

Concentration, 

g/l of water 

Supersaturation 

(ΔC), g/l of water 

Supersaturation 

ratio (S) 

Equivalent 

temperature, oC 

Feed 

8.34 

10.20   54.02 

Module 1 7.80 2.40 1.31 46.54 

Module 2 5.40 2.40 1.44 36.29 

Module 3 3.00 2.40 1.80 20.00 

Feed 

8.34 

8.00   47.25 

Module 1 6.33 1.67 1.26 40.74 

Module 2 4.67 1.67 1.36 32.22 

Module 3 3.00 1.67 1.56 20.00 

Feed 

8.34 

8.00   47.25 

Module 1 5.77 2.23 1.39 38.13 

Module 2 4.16 1.61 1.39 29.02 

Module 3 3.00 1.16 1.39 20.00 

Feed 

8.34 

7.50   45.45 

Module 1 6.00 1.50 1.25 39.23 

Module 2 4.50 1.50 1.33 31.21 

Module 3 3.00 1.50 1.50 20.00 

Feed 

6.67 

7.50   45.45 

Module 1 6.00 1.50 1.25 39.23 

Module 2 4.50 1.50 1.33 31.21 

Module 3 3.00 1.50 1.50 20.00 

Feed 

5.00 

7.50   45.45 

Module 1 6.00 1.50 1.25 39.23 

Module 2 4.50 1.50 1.33 31.21 

Module 3 3.00 1.50 1.50 20.00 

Feed 

4.17 

7.50   45.45 

Module 1 6.00 1.50 1.25 39.23 

Module 2 4.50 1.50 1.33 31.21 

Module 3 3.00 1.50 1.50 20.00 

Feed 

3.34 

7.50   45.45 

Module 1 6.00 1.50 1.25 39.23 

Module 2 4.50 1.50 1.33 31.21 

Module 3 3.00 1.50 1.50 20.00 

 

The unsuccessful runs were carried out at a residence time of 8.34 mins and the operating 

conditions are presented in Table 22. The blockages in the crystallizer were caused by high 

local supersaturation in the starting modules resulting from the high feed concentrations 

selected. Correspondingly, the high supersaturation leads to slow nucleation (Coulson and 

Richardson 2002) which gives room for build-up of nucleation sites. Hence, leading to rapid 
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growth of much crystals in the second module which resulted to crystal clogging. Also, the 

high surface affinity and fluffy nature of benzoic acid crystals contributes to the blockages 

experienced in the crystallizer. 

 

The experimental results for the successful runs are presented in Table 23 for the varied 

residence times used at constant equal supersaturation of 1.5g/l of water in each module. The 

moisture content is quite high because of the small amounts of crystals achieved. Hence, 

little moisture presence would reflect high moisture content on the basis of a small dry 

weight. With decreasing residence time, the crystal yield increased unlike in the case of 

CuSO4 which was vice versa. The inverse proportionality of the residence time and crystal 

yield can be ascribed to the low temperature dependence of benzoic acid in water. In other 

words, the crystal yield is not dependent on the residence time. However, the crystal yield is 

low because of its low temperature dependency and its surface affinity to the crystallizer 

surface which was observed during the experiment. 

  

Table 23. Experimental results for C6H5COOH at the same initial solution concentration at constant 

equal module supersaturation (ΔC) at different residence times for a cooling temperature range of 

45.45oC – 20oC. 

Residence time, 

mins 

Mass of wet 

crystals, g 

Mass of dry 

crystals, g 

Moisture 

content, % 

Theoretical 

yield, g 

Yield, 

% 

6.67 2.30 1.71 34.50 9.00 19.00 

5.00 2.59 1.87 38.50 9.00 20.78 

4.17 3.65 2.76 32.25 9.00 30.67 

3.34 3.67 2.97 23.57 9.00 33.00 

 

The microscopic images of benzoic acid crystals are shown in Figure 36. The crystals from 

the modular continuous crystallizer looks irregularly planar compared to that of the batch 

which looks more solid in form of a cuboid. From Figure 36, the batch crystals seem to 

possess more definite edges compared to crystals from the continuous crystallizer. However 

from visual inspection, it is difficult to assert that the crystal structure is monoclinic as was 

reported by Maki and Takeda (2000). Also, a rough particle size from the microscopic 

images show that smaller crystals are gotten at longer residence times. Owing to the effect 

of ultrasound which is more severe with increasing residence times. 
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Figure 36. Microscopic images (x2.5) of benzoic acid crystals at (a) 6.67 mins (b) 5.00 mins (c) 4.17 

mins (d) 3.34 mins residence times from the modular continuous crystallizer at equal supersaturation 

(ΔC) for each module at cooling temperature range of 45.45oC – 20oC; and (e) batch. 

 

The CSD of benzoic acid crystals shown in Figure 37 conforms to previous experiments 

with inorganics and literature on the effect of ultrasound in crystallization like that of 

Ruecroft et al. (2005) and McCausland & Cains (2004). The batch offered a wide CSD of 

about 4µm-800µm compared to the longest residence time of 6.67 mins which produced a 

narrowest CSD of about 2µm-350µm. More so, the crystals from the continuous crystallizer 

follows a sequence where the narrower CSD exists as the residence time increases. The 

variations in the habit of the batch crystals can also be attributed to lack of sonication of the 

reference experiment. However, Figure 37 shows that the large variations in crystal habits 

of batch samples can be suppressed by manipulating the modular continuous crystallizer to 

get the desired crystal habit and narrower size distribution.  
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Figure 37. Crystal size distribution and aspect ratio in volume distribution for benzoic acid crystals 

at equal supersaturation (ΔC) for each module at different residence times for a cooling temperature 

range of 45.45oC – 20oC. 
 

The batch crystals were larger in size which is obvious from the CSD shown in Figure 37 

and the average diameters of particle presented in Figure 38. Ultrasound was used to control 

the crystal habit, size and distribution, which was not present in the batch experiment. Hence, 

the reason behind the large crystal size. From Figure 38, the batch samples had the lowest 

mean aspect ratio compared to samples from the continuous system. As the residence time 

decreased, the average aspect ratio of particles also reduced which was similar to the case of 

potassium sulphate. Deducing from this trend, the crystals of the batch are far less equiaxed 
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with much crystal habit variation due to non-sonication, when compared to crystals from the 

continuous crystallizer. 

 

 
Figure 38. Mean aspect ratios, mean and median particle diameters of C6H5COOH at different 

residence times for a cooling temperature range of 45.45oC – 20oC. 

 

Settling velocities are proportional to the average diameter of crystals from the continuous 

crystallizer. The flow velocities are much higher in comparison to the settling velocities at 

different residence times for benzoic acid as presented in Figure 39. Theoretically, the higher 

the flow velocity the more difficult it is for crystals to attain settling velocity, thus the lesser 

the possibility of clogging. However, module supersaturation, slurry nature and 

crystallization kinetics also contribute to the probability of clogging in the modular 

continuous crystallizer. 

 

Overall, it is observed that there was no actual sequence to the effect of residence time on 

the different model compounds because the average supersaturation of the entire crystallizer 

was somewhat maintained within the studied residence times. However, Mersmann (2001) 

reports that since the average residence time is dependent on the mean supersaturation, 

optimal supersaturation can be attained at a particular flow rate. Therefore, the residence 

times should be varied alongside the supersaturation to achieve ideal parameters that would 

be necessary to successfully manipulate crystal properties. 
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Figure 39. Flow velocities and settling velocities of crystals at a cooling temperature range of 45.45oC 

– 20oC for C6H5COOH at different residence times. 

 

7.2 Effect of cooling profile selection conditions 

Based on scale up, the process conditions presented in Table 16 were used with the 

successful conditions in blue. The experimental results for successful runs based on cooling 

profile selection conditions are presented in Table 24 where the residence times and initial 

solution concentrations for the model compounds were constant. The expected mother liquor 

(ML) concentrations are the concentrations at the final cooling temperature of 20oC. 

 

Table 24. Experimental results for the model compounds at specific initial solution concentration 

for each cooling profile selection conditions at a residence time of 9.69 mins. 

Model 

compound 

Equal 

conditions 

Mass of wet 

crystals, g 

Mass of dry 

crystals, g 
MC, % Y, g 

Yield, 

% 

conc. in ML, 

g/100g H2O 

K2SO4 
ΔC 45.55 45.50 0.11 190.34 23.90 9.43 

ΔT 21.69 21.64 0.23 190.34 11.37 9.42 

CuSO4 

ΔC 379.82 267.32 42.08 360.63 74.13 17.25 

ΔT 250.37 175.65 42.54 360.63 48.71 17.58 

S 416.07 283.81 46.60 360.63 78.70 17.80 

Phthalic 

acid 

ΔC 38.06 35.35 7.67 56.15 62.96 0.12 

S / ΔT 22.87 21.69 5.44 56.15 38.63 0.10 
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7.2.1 Effect of cooling profile selection conditions on potassium sulphate 

The initial solution concentration used for potassium sulphate is presented in Table 16 as 

18.73 g/100g of water at a constant residence time of 9.69 mins. There was an unsuccessful 

run when the cooling profile was selected using equal supersaturation ratio (S) of 1.19 in 

each module due to blockage in the second module. Equal S offered the fastest cooling rate 

in module 1 compared to the other two conditions. Since high supersaturation can lead to 

encrustation (Myerson and Ginde 2002; Mullin 2001) and rapid cooling can lead to 

production of much nuclei (Hartel 2002) resulting to fast formation of crystals. In correlation 

to this, the suspected reason for the blockage would be based on higher supersaturation (ΔC) 

accompanied with faster cooling in module 1 compared to the subsequent modules. In other 

words, due to high local supersaturation in module 1, there are probabilities of crash 

nucleation in the second module. Thereby creating large build-up of crystals and easy free 

fall of larger crystals at a flow velocity of 9.95 cm/s which led to the blockage. 

 

The successful runs presented in Table 24 satisfies the passage of suspension in the 

crystallizer for over three (3) residence times. The expected mother liquor (ML) 

concentration should be 11.12 g/100g water but the measured ML was lower. The poor yield 

of K2SO4 would be attributed to the nucleation rate of crystals in the crystallizer for the 

supersaturation degree and cooling in each module. Also, the low yield arises from crystals 

that settle along the crystallization path till the end of the experiment without flowing out 

due to insufficient flow velocity. 

 

 
Figure 40. Microscopic images (x2.5) of K2SO4 crystals at (a) equal supersaturation (ΔC) of 2.54 

g/100g of H2O (b) equal temperature difference (ΔT) of 14.34oC; for each module; from the 

modular continuous crystallizer at constant residence time of 9.69 mins for a cooling temperature 

range of 63.01oC – 20oC and (c) batch. 
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The shape of the K2SO4 crystals tend to be within the same orthorhombic crystal structure 

for the successful cooling profile selection conditions as seen in Figure 40 which corresponds 

to the crystal structure reported by Mullin (2001) and Schultz et al. (2000). The crystals are 

also transparent crystalline solids. However, at equal module supersaturation, the crystals 

tend to possess some elongated particles compared to the batch crystals. 

 

 
Figure 41. Crystal size distribution and aspect ratio in volume distribution for potassium sulphate 

crystals at different operating conditions at a residence time of 9.69 mins for a cooling temperature 

range of 63.01oC – 20oC. 

 

The CSD of K2SO4 crystals shown in Figure 41 shows a comparison of continuous and batch 

experiments. Continuous experiments offer narrower CSD with that of equal temperature 
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difference (ΔT) giving the least amongst the compared conditions for K2SO4. Equal ΔT has 

a CSD of about 2µm-320µm while Equal ΔC gave a CSD of about 2µm-550µm. In 

controlled cooling crystallization as shown in Figure 3, it is expected that temperature drop 

at the start of the experiment is gradual with respect to time (for batch) or length (for 

continuous) and rapid at the end of the experiment for optimized control (Mullin 2001; Wey 

and Karpinski 2002). However, this was the reverse in Equal ΔC even though the average 

supersaturation was same for both conditions.  

 

From the aspect ratio distribution, similarities exist in the crystal shape at different cooling 

profiles though the variations in the shape of the batch crystals were obvious. The close 

homogeneity of the crystal habit of continuous experiments can be attributed to the effect of 

sonication which was not the present for the batch experiments. 

 

 
Figure 42. Mean aspect ratios, mean and median particle diameters of K2SO4 for a cooling 

temperature range of 63.01oC – 20oC at a residence time of 9.69 mins. 

 

From Figure 42, the equal module supersaturation (ΔC) had the highest mean aspect ratio 

compared to the others which shows that the crystals are quite equiaxed. Batch crystals have 

the larger mean particle diameter showing that sonication offers smaller crystal sizes (Ashley 

1974; Hatkar and Gogate 2012; Ruecroft et al. 2005) as seen for crystals of the continuous 

process. The calculated settling velocities were not really reached by crystals of K2SO4 at 
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different cooling profiles presented in Figure 43 since they were lower than the constant flow 

velocity of 9.95 cm/s which in theory reduces crystal clogging possibilities. 

 

 
Figure 43. Flow velocity of 9.95 cm/s and settling velocities of K2SO4, CuSO4 and C6H4(COOH)2 

crystals for different cooling profile selection conditions. 

 

7.2.2 Effect of cooling profile selection conditions on copper sulphate 

The high temperature dependency of copper sulphate plays a very positive role in its 

crystallization by cooling. All conditions for selecting the cooling profile based on the 

parameters in Table 16 offered successful runs for the crystallization of CuSO4 from its 

aqueous solution. The experimental results shown in Table 24 shows moderate crystal yield 

in all conditions except equal temperature difference of 11.05oC in each module. The cooling 

profile can be a reason for the low yield at equal ∆T on the basis of the degree of the 

supersaturation in each module. The expected mother liquor concentration was 20.05g/100g 

of water though the calculated ML concentrations were lower and can be due to 

approximations in calibration from conductivity to concentration and due to CuSO4 

nucleation rate in the system. More so, copper sulphate had high moisture content because 

it had to lose its water of crystallization from its hydrated state. 
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Figure 44. Microscopic images (x2.5) of CuSO4 crystals at (a) equal supersaturation (ΔC) of 4.81 

g/100g of H2O (b) equal temperature difference (ΔT) of 11.05oC (c) equal supersaturation ratio (S) 

of 1.19; for each module; from the modular continuous crystallizer at constant residence time of 

9.69 mins for a cooling temperature range of 53.21oC–20oC; and (d) batch. 

 

Crystal morphologies at different conditions presented in Figure 44 shows that the conditions 

do not actually affect the crystal system as they still possess somewhat orthorhombic 

structures which is coherent with findings of Kokkoros and Rentzeperis (1958). Also, the 

powdery crystal form has not changed with these conditions either. Equal residence time is 

a probable reason for the similar crystal morphology in various cooling profile selection 

conditions because the crystals experienced continuous sonication for the same period. 

 

The distribution of aspect ratio for continuous systems are within the same average as 

compared to variations in crystal shape of the batch as shown in Figure 45. Operating with 

equal supersaturation (ΔC) offers narrower distribution of about 4µm-290µm and smaller 

crystals. Owing to the fact that equal local supersaturation build up was present in each 

module and the cooling temperature drop was lowest at the first module (Mullin 2001). 

Sonication effect is visibly observed in the continuous process thereby controlling the crystal 

shape and size which varies greatly from the batch which was not sonicated. The observed 

effect is coherent to the finding of Kats et al. (2013) that ultrasound can be used to improve 

the size and shape homogeneity of copper sulphate crystals. 
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Figure 45. Crystal size distribution and aspect ratio in volume distribution for copper sulphate 

crystals at different operating conditions at a residence time of 9.69 mins for a cooling temperature 

range of 53.21oC – 20oC. 

 

The batch process possessed larger average diameter of crystals in comparison to the 

ultrasound assisted continuous processes where the crystal habit and sizes are controlled, as 

seen in Figure 46. However, the batch crystals possessed the highest mean aspect ratio for 

all conditions despite variations in its crystal habit. From Figure 46, it shows that the volume 

mean diameter (D[4,3]) of copper sulphate crystals was largest for equal temperature 

difference (ΔT) between the continuous experiments. 
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Since the settling velocity of equal ∆T presented in Figure 43 is a function of the average 

crystal diameter, the settling velocity is quite close to the operating flow velocity. Thus, a 

good amount of the crystals must have reached their settling velocities which resulted in its 

low yield using equal ∆T in each module as seen in Table 24. Although the settled crystals 

were not sufficient to cause a blockage.  

 

 
Figure 46. Mean aspect ratios, mean and median particle diameters of CuSO4 for a cooling 

temperature range of 53.21oC – 20oC at a residence time of 9.69 mins. 

 

7.2.3 Effect of cooling profile selection conditions on benzoic acid 

At a residence time of 9.69 mins, aqueous solution of benzoic acid gave unsuccessful runs 

with the scaled up initial concentration and conditions shown in Table 16. The crystallizer 

clogging was first assumed to be because of high supersaturation from the feed concentration 

and thus led to the reduction in initial feed concentration. For the initial system 

configuration, the optimum initial concentration of 7.5 g/l was used to achieve successful 

operations at 6.67 mins residence time. Nevertheless, this same concentration and lower 

offered unsuccessful runs at lower residence times of 6.06 and 4.04 mins. The inability of 

benzoic acid to crystallize from its aqueous solution by cooling in the bench scale 

configuration can also be linked to the fact that it is poorly temperature dependent. Also, 

studies involving benzoic acid crystallization has mostly been done in anti-solvent 

precipitation mode (Ramisetty et al. 2013; Ferguson et al. 2013; O’Grady et al. 2007). Equal 
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supersaturation ratio (S) in each module at a given temperature range was seen to offer equal 

∆T in each module which can be deduced from the benzoic acid-water solubility curve 

presented in Figure 23. 

 

Due to consistent non-feasible conditions with benzoic acid-water solution, Toluene, a non-

polar solvent, was employed in crystallizing benzoic acid by cooling. The solubility curve 

of benzoic acid in toluene is presented in Figure 47. The use of toluene also resulted to 

unsuccessful operations at different conditions. Table 25 shows unsuccessful runs of benzoic 

acid with adjusted process conditions and solvents used. 

 

 
Figure 47. Solubility curve of benzoic acid and toluene system 

 

Overall, the reason for the clogging in the crystallizer varied between fluffy nature of the 

crystals, surface affinity of the crystals and low temperature dependence with water. When 

the continuous system was operated without ultrasound, nucleation was not aided leading to 

high local supersaturation build up. As a result, crystals grew spontaneously when nucleation 

started thereby causing the blockage. By adding seeds in the feed tank and using ultrasound 

afterwards in the modules, it is expected that the MSZW is narrowed to a great extent. 

However, spontaneous nucleation occurred which led to rapid formation of much crystals 
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while cooling in the first module resulting to its blockage. The resulting suspension from 

toluene and benzoic acid was gel-like in nature which from onset had poor rheology. High 

supersaturation accompanied with the poor rheology of the benzoic acid-toluene mixture led 

to the easy and early blockage in the crystallizer.  

 

Table 25. Process parameters of unsuccessful runs of benzoic acid using the modular continuous 

cooling crystallizer at a residence time of 9.69 mins. 

Solvent used Operating Conditions 
Initial solution 

concentration, g/l 

Equivalent 

temperature, oC 

Blocked 

module 

Ultrapure water ΔC 8.71 49.62 Module 2 

Ultrapure water S / ΔT 8.71 49.62 Module 2 

Ultrapure water ΔC 8.00 47.25 Module 2 

Ultrapure water S / ΔT 8.00 47.25 Module 2 

Ultrapure water ΔC (without ultrasound) 8.00 47.25 Module 2 

Ultrapure water ΔC (with seeds of 1g) 8.00 47.25 Module 1 

Ultrapure water ΔC 5.05 34.42 Module 2 

Toluene ΔC 204.52 44.99 Module 1 

Toluene ΔC 128.03 33.17 Module 2 

 

7.2.4 Effect of cooling profile selection conditions on phthalic acid 

Equal supersaturation ratio (S) at a given cooling range was observed to offer equal 

temperature difference (ΔT) in each module which can be deduced from the phthalic acid-

water solubility curve presented in Figure 28. All operating conditions based on the 

parameters presented in Table 16 offered feasible conditions for this organic compound in 

the modular continuous crystallizer.  

 

Results from the experiment presented in Table 24 showed a poorer yield for equal ΔT of 

13.35oC and lower mother liquor concentration compared to the expected which is 0.496 

g/100g water. Slower cooling at the start of crystallization and subsequent increase in order 

to optimize the supersaturation in a controlled cooling experiment is recommended (Mullin 

2001; Wey and Karpinski 2002). Hence, with equal cooling rate in each module would not 

optimize the needed supersaturation thereby offering poor yield for the cooling profile 

selected on the basis of equal ΔT in each module.  

 

The strong crystalline nature of the phthalic acid crystals are shown in Figure 48. The 

microscopic images are slightly cuboid-like in shape quite identical to the monoclinic 
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structure which is similar to the crystal structure reported by Myerson and Ginde (2002). 

The rounded edges and small sizes of the crystals can be attributed to the effect of ultrasound 

which breaks the crystals along its longer length (Tung et al. 2009).   

 

 
Figure 48. Microscopic images (x2.5) of phthalic acid crystals at (a) equal supersaturation (ΔC) of 

0.75 g/100g water (b) equal supersaturation ratio (S) of 1.77 or temperature difference (ΔT) of 

13.35oC; for each module; from the modular continuous crystallizer at constant residence time of 

9.69 mins for a cooling temperature range of 60.01oC–20oC. 
 

The comparison of CSD and aspect ratio at different conditions for selecting the cooling 

profile is presented in Figure 49. The wide CSD could be attributed to presence of fine 

agglomerates and twins with quite smooth surface. The presence of this agglomerates can 

be linked to the filtration and drying pattern of larger volumes. Their particle size range 

between 10µm-650mm though crystals formed with equal ΔC condition possess fewer 

agglomerates. The effect of the cooling profiles from both conditions on the process are quite 

similar hence the similarity in their CSD and aspect ratio. The crystals are not so equiaxed 

as their aspect ratios concentrates between 0.40 and 0.85.  

 

The characteristics of the crystals from different cooling profiles hardly change. In other 

words, the cooling profiles do not strictly affect the crystal habit. More so, they are also 

dependent on the average supersaturation level of the compound in the crystallizer since the 

residence time is constant for the same ultrasonic effect.  
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Figure 49. Crystal size distribution and aspect ratio in volume distribution for phthalic acid crystals 

at different operating conditions at a residence time of 9.69 mins for a cooling temperature range of 

60.01oC – 20oC. 

 

From Figure 50, it is observed that the equal ∆T condition produced a higher mean crystal 

diameter compared to crystals from equal ∆C condition hence having a higher settling 

velocity. Some of the product crystals which settled along the crystallization path (low yield) 

can be linked to the settling velocity achieved by large crystals. More so, the calculated 

settling velocities for phthalic acid from both conditions are much lower than the flow 

velocity of the process as shown in Figure 43. Nevertheless, due to the settling velocity of 

crystals produced from equal ∆T condition, its crystal yield was lower compared to the equal 

∆C condition. Furthermore, it is evident from Figure 50 that the mean aspect ratio of the 
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crystals from both conditions are quite close and this supports the fact that their crystal habits 

are similar. 

  

 
Figure 50. Mean aspect ratios, mean and median particle diameters of phthalic acid at different 

cooling profiles for a cooling temperature range of 60.01oC – 20oC at a residence time of 9.69 mins. 

 

From experimental observation in Table 24, all model compounds with feasible conditions 

attained their highest yield when the cooling profile was selected at equal ∆C for each 

module. More so, the supersaturation across each module was equal to enable the limitation 

of average supersaturation in each crystallizer. This is coherent to Mersmann’s (2001) 

recommendation that cooling rates be fixed such that there is almost constant supersaturation 

during the crystallization time. Hence, equal supersaturation (∆C) in each module is the most 

beneficial condition for selecting the cooling profile in the modular crystallizer. 

 

7.3 Effect of supersaturation ratio and steady state verification of phthalic acid 

Different cooling temperature ranges (feed concentration) were carried out at equal module 

supersaturation ratio (S). Equal supersaturation ratios of 1.20 and 1.90 in each module were 

not feasible conditions for phthalic acid as presented in Table 17. In the table, the successful 

runs are represented in blue. At an equal supersaturation ratio of 1.90 in each module, very 

high supersaturation (ΔC) was present in the first module leading to build up of nucleation 

sites (Mullin 2001). Consequently, the presence of crystals in the second module increased 
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with time leading to crystal clogging of the crystallization path. The equal supersaturation 

ratio of 1.20 in each module offered a successful run but no visible crystal was observed 

after filtering the product suspension. Low supersaturation and short residence time were the 

factors that led to no crystal formation even with the presence of ultrasonic power. However, 

there are probabilities of formation of nuclei leading to crystal growth at longer residence 

time (Tung et al. 2009; Mullin 2001) accompanied by same sonication effect.  

 

Table 26 shows the results for product crystals from the first suspension (fs) and the 

subsequent suspension for the effect of different supersaturation ratio. The moisture content 

in relation to the mass of dry crystals were reasonably low. The yield for each condition did 

not follow a regular sequence. Therefore, it is deducible that the yield of phthalic acid is not 

mainly dependent on the current process conditions. 

 

Table 26. Experimental results for phthalic acid for first and subsequent suspension products at 

varying initial concentrations for different equal module supersaturation ratio (S) at a residence 

time of 9.69 mins. 

Initial solution 

concentration, 

g/l 

Equal 

module 

S 

Mass of 

wet 

crystals, g 

Mass of 

dry 

crystals, g 

Moisture 

content, % 
Y, g Yield, % 

ML conc., 

g/100g 

water 

12.40 
1.36fs 0.64 0.40 60.00 5.41 7.40 0.84 

1.36 4.63 4.06 14.04 13.19 30.77 0.70 

18.00 
1.54fs 6.64 6.42 3.43 9.48 67.75 0.59 

1.54 13.91 12.90 7.83 23.12 55.79 0.55 

25.00 
1.71fs 8.49 7.87 7.88 14.56 54.04 0.65 

1.71 12.11 11.51 5.21 35.54 32.39 0.37 

27.42 
1.77fs 9.82 9.03 8.75 16.32 55.33 0.47 

1.77 13.05 12.66 3.08 39.83 31.79 0.57 

Where “fs” represents the corresponding values from the first suspension in each experiment. 

 

The images shown in Figure 51 shows the comparison of the first suspension (fs) crystals 

(top) and those of the subsequent suspension (bottom). The crystals at each supersaturation 

show no actual difference in the habit as those of the first suspension are quite plate-like. 

Whereas, those of the subsequent suspension contain shapes that are somewhat oblique 

which is within the monoclinic crystal structure. In coherence, Myerson and Ginde (2002) 

also reported the shape of phthalic acid as monoclinic. Deducing by visual inspection from 
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Figure 51, the effect of ultrasound is clearly observed in all images as the crystals mostly 

possess slightly round corners with closely related sizes due to equal sonication time.  

 

 
Figure 51. Microscopic images (x2.5) of phthalic acid crystals at (a) S of 1.36 (b) S of 1.54 (c) S of 

1.71 (d) S of 1.77 for each module in the modular continuous crystallizer at constant residence time 

of 9.69 mins. Crystals from the first suspension (top) and crystals from the subsequent suspension 

(bottom). 
 

The crystals from the first suspension show more accurate data devoid of irregular particles 

like agglomerates and twins. The results in Figure 52 shows that the first suspension crystals 

are stable in their size distribution and consistent in their crystal morphology. Deducing from 

the aspect ratio and CSD, it is clear that the experiments begin at steady state within the first 

residence time.  

 

However, the several peaks in the CSD of the subsequent suspension were as a result of 

agglomerates formed at different stages of the experiment. Ålander, Uusi-Pentillä and 

Rasmuson (2004) reports that agglomeration is mainly affected by solvent, supersaturation, 

hydrodynamics and suspension density. Hence, the effect of these parameters, led to the 

agglomeration in the subsequent parameters. More so, ultrasound would have caused the 

disruption of large crystals lengthwise (Tung et al. 2009) leading to a reasonable amount of 

both large crystals and small fines in the product suspension. Thus, the multimodal nature 

of the CSD of subsequent suspension. 

 

The CSD presented in Figure 52 shows that the narrowest CSD of about 2µm-220µm was 

for the highest supersaturation ratio (S) of 1.77 in the first suspension.  On the contrary, this 
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does not correspond with literatures (Myerson and Ginde 2002; Mullin 2001) because larger 

crystals are formed at high supersaturation compared to lower supersaturation. However, the 

subsequent suspension showed the highest module supersaturation ratio (S) to have the 

widest CSD as compared to other ratios which can be partly linked to the suspension density. 

Based on the fact that first suspensions were collected at equal volumes, another reason for 

agglomeration is the higher suspension density for increasing module supersaturation ratios 

in subsequent suspensions. Also, the lowest module S (of 1.36) for the first suspension 

offered wider CSD compared to the others. In anyways, the effect of feed concentration and 

equal module supersaturation ratio on the properties of the crystals of the subsequent 

suspension does not follow a sequence from experimental result. 

 

Interestingly for the first suspension, as the supersaturation ratio increases, the CSD becomes 

narrower and average crystal size decreases. The aspect ratio of the crystals from the first 

suspension crystals are quite homogeneous thus the morphology of the crystals formed 

barely varied. However, agglomerates formed from high suspension density and post 

crystallization handling is suspected for the slight disparity in the aspect ratio of crystals 

from the subsequent suspension. 

 

 
Figure 52. Crystal size distribution and aspect ratio in volume distribution for phthalic acid crystals 

at same supersaturation ratio (S) in each module for different cases of supersaturation ratios 

(cooling range basis) at a residence time of 9.69 mins. 
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Figure 53 shows the average particle sizes for both suspensions and the mean aspect ratios. 

The mean aspect ratios of the crystals at each module supersaturation ratio are relatively 

close to each other. Crystals of the subsequent suspension (bottom) in comparison to the first 

suspension possess larger average crystal size as a result of continuous crystal growth in the 

crystallizer. The average crystal diameter decreases as the module supersaturation ratio (S) 

increases for the crystals of the first suspension (top) as presented in Figure 53. However, 

the average crystal size of the highest supersaturation ratio in the subsequent suspension did 

not follow this trend due to the high level of agglomeration. 

 

 
Figure 53. Mean aspect ratios, mean and median particle diameters of phthalic acid crystals at 

different equal supersaturation ratio in each module at a residence time of 9.69 mins. Crystals from 

the first suspension (top) and from the subsequent suspension (bottom). 
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The settling velocities of the crystals for the both suspensions were much lower than the 

flow velocity as presented in Figure 54. The probability of clogging is reduced by the 

relationship observed between the process flow velocity and the settling velocities. In other 

words, most crystal formed did not reach their settling velocities due to higher drag force 

arising from their flow velocity. For the first suspension, it was observed that the settling 

velocities decreased with increasing equal supersaturation ratio in the modules.  

 

 
Figure 54. Flow velocity of 9.95 cm/s and settling velocities of phthalic acid crystals from the first 

and subsequent suspensions.   
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8 CONCLUSION 

The study provided clarification on the suitable experimental configuration and arrangement 

of the modular continuous crystallizer. As a result, the researcher gained understanding on 

the technique for proper operation of the modular crystallizer as an experimental set up. The 

findings showed that cooling continuous experiments carried out with the “modular 

crystallizer” attained reasonable boundary conditions. This supports the notion that the 

working process parameter achieved from the modular equipment can be adopted in more 

complex experiments and advanced studies. Additionally, the study showed that in cases 

where the conditions were feasible, that is, when the experiments were successful, the 

crystallizer was able to run without blockage for more than three consecutive residence 

times. 

  

Furthermore, taking the aim of this study into consideration which is to understand the effect 

of crystal properties in a chemical engineering design window with a key focus on ultrasound 

assisted cooling crystallization. The research outcomes show that: 

 

 Longer residence time aids crystals in suspension to be affected more by process 

parameters within the crystallizer. As a result, an optimal residence time can be 

achieved for desired average crystal sizes. 

 By varying the residence times, copper sulphate crystals possessed narrower CSD 

and smaller average crystal size at the longest residence time for the same cooling 

temperature range. 

 The crystallizer was observed to run at steady state. At the highest supersaturation 

ratio (S), narrow CSD and smaller average crystal sizes were observed for phthalic 

acid at a constant residence time. 

 The evaluation of results in the modular crystallizer showed that ultrasound promoted 

the induction of nucleation in the system normally and through attrition of crystals. 

 The influence of the ultrasound in the modular crystallizer compared to the non-

sonicated batch was evident on the crystal properties such as crystal size, CSD and 

morphology. 
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 Product crystals from the crystallizer had quite equiaxed crystals, narrower CSD and 

smaller mean crystal size which can help negate milling like in conventional 

processes.  

 

Another critical observation made was that cooling profile selection conditions barely 

influenced the crystal properties at constant initial solution concentration and residence 

times. Therefore, the cooling selection conditions were dependent on the compound in use. 

More so, the findings also demonstrated that a better condition for selecting the cooling 

profile is equal supersaturation (ΔC) in each module. This was because each module 

experiences equal difference in concentration leading to moderate local supersaturation and 

thus decreases the probability of crystal blockage in any of the modules. Additionally, 

compared to conventional continuous crystallizers, the dynamic property (3-stage cooling) 

of the modular crystallizer offers a more controlled cooling. It does so by reducing excessive 

local supersaturation which would be present when a single unit was used in continuous 

crystallization. 

 

The dynamic and robust nature of the crystallizer can handle equivalent feed volumes at 

shorter production times compared to traditional batch processes. Thus, adopting the use of 

modular crystallizer would be very useful in fine chemical industries for example, 

pharmaceutical and agrochemical industries. Furthermore, based on the experimental results 

and observation, the recommendations outlined below may improve the cooling 

crystallization process and enhance the performance of the modular crystallizer.  

 

 By increasing the cooling stages, supersaturation can be minimized in each stage of 

the process. 

 Optimization of the heat transfer process to reduce the number of cooling thermostats 

and minimize electricity consumption. 

 Reduction of the ultrasonic frequency and identification of the optimal ultrasound 

power density to enhance the effect of ultrasound in the crystallization process. 

 Fine coating the inner walls of the crystallizer to minimize nucleation caused by the 

contact of the solution on the crystallizer walls. 

 Clogging of crystallization path can be reduced when a balance can be reached 

between the supersaturation degree and the flow velocity in a crystallization process.  
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APPENDICES 

APPENDIX I: Larger particle images from the Morphologi G3 instrument 

 
Figure I - 1. Larger particle images for potassium sulphate crystals with their sizes in µm produced at a residence time of 6.62 mins, for a temperature 

profile of 46.84oC - 20oC on the basis of equal supersaturation (ΔC), from the continuous crystallizer using the Morphologi G3 instrument.  
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Figure I - 2. Larger particle images for copper sulphate crystals with their sizes in µm produced at a residence time of 6.62 mins, for a temperature profile 

of 43.01oC - 20oC on the basis of equal supersaturation ratio (S), from the continuous crystallizer using the Morphologi G3 instrument. 
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Figure I - 3. Larger particle images for benzoic acid crystals with their sizes in µm produced at a residence time of 6.67 mins, for a temperature profile of 

45.45oC – 20oC on the basis of equal supersaturation (ΔC), from the continuous crystallizer using the Morphologi G3 instrument. 
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Figure I - 4. Larger particle images for phthalic acid crystals with their sizes in µm produced at a residence time of 9.69 mins, for a temperature profile of 

60.01oC – 20oC on the basis of equal supersaturation ratio (S), from the continuous crystallizer using the Morphologi G3 instrument.  
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APPENDIX II: Calibration curve for determination of the inorganic 

compounds concentration in the mother liquor  

 

 
Figure II - 1. Calibration curve for the determination of potassium sulphate concentration in the 

mother liquor. 
 

 

 
Figure II - 2. Calibration curve for the determination of copper sulphate concentration in the mother 

liquor. 
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