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Abstract 

Pharmaceutical synthesis involves work up, reaction, crystallization, filtration and further 

downstream processes.  This thesis project focuses on a reactive crystallization in order 

to gain scientific understanding of how reaction kinetics and parameters could affect 

targeted crystal specifications.  Paracetamol synthesis is chosen as the model reactive 

crystallization process because it is significant in pharmaceutical industry and can be 

operated under simple conditions with 4-aminophenol and acetic anhydride as reactants. 

To maximize yield, the solubility for crystallization was optimized first, from which 

suitable reagent concentrations were determined. As in a single process, solubility for 

crystallization in the reactive crystallization of paracetamol was controlled by the solvent 

compositions that were directly produced in the reaction step.  

The effects of reaction temperature and water content on reaction kinetics and 

mechanism as well as product quality were jointly investigated for the first time. Higher 

reaction rate constants for paracetamol synthesis were obtained for higher temperatures. 

Form I crystals with high purity were obtained with the presence of water, and 4'-

acetoxyacetanilide without water. It has demonstrated that the reagents and solvents from 

the reaction step are the means for controlling and delivering required crystal properties 

in an oscillatory baffled reactor (OBR).  

Finally, the reactive seeded cooling crystallization of paracetamol was carried out 

in a continuous oscillatory baffled reactor (COBR) based on the learnings from its batch 

counterpart. Effects of mixing intensity on crystal properties were discussed, crystals size 

reduced with the increase of oscillatory Reynolds number (Reo). The seeding strategy was 

investigated at a fixed seed size and various seed masses, smooth and encrustation free 

runs were undertaken with the crystallization path close to the solubility curve. Both 

temporal and spatial steady states in concentration and size were attained by analysing 

the concentrations and crystal sizes at two locations along the COBR. Particle products 

of polymorphic form I were continuously generated with an average purity of 99.96 %. 
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1 

 - Introduction 

1.1 Motivation of research 

Pharmaceutical production involves synthesis, work up, crystallization, filtration 

and further downstream operations such as powder processing and formulation. Product 

specifications (crystal size distribution, polymorphic form, and morphology, etc.) are 

influenced by each of aforementioned processes, in particular, synthesis and 

crystallization. After synthesis, the raw product is required to be separated and purified 

via a recrystallization process[1, 2], however, the effect of reaction conditions on 

crystallization properties has rarely been examined. Lee et al. and Lee et al.[3, 4] 

researched the synthesis of acetaminophen (paracetamol) by reacting 4-animophenol with 

acetic anhydride. Kinetics of crystal growth and agglomeration were studied separately, 

the filtration property, flowability and dissolution rate for drug delivery of paracetamol 

crystals via three paths were compared. However, the kinetics of reaction process was not 

investigated which is also critical to the final properties of crystals. Another sample is the 

reactive crystallization of salicylic acid investigated by Caro et al.[5]. Their results 

showed that the mean size increased with decreasing both feeding rate and reactant 

concentrations. However, it was found that the crystallization kinetic parameter 

estimation was quite complex, as the objective function of hyper surface contained many 

different minima. Consequently their work failed to find a set of kinetic parameters that 

provides for a good description of all experimental data[5, 6]. In this PhD project, the 

effects of synthesis on crystallization kinetics and crystal morphologies will jointly be 

investigated, i.e. the reaction is linked with crystallization as a single process, this is new 

to previous separated studies of either reaction or recrystallization of paracetamol. 

Traditional both synthesis and crystallization steps are carried out via batch 

operation, which has notably difficulties in scaling up and maintaining uniform mixing 

conditions [7-9] . This means that the products produced are often of a lower quality, 

leading to disconnected characterization and consumption of energy. Continuous 

oscillatory baffled reactor/crystallizer (COBR) has received increased attention since 

1990s. It has attractive performances in producing and maintaining a consistent mixing 

environment for flow substances[10, 11]. For example, Lawton et al.[12, 13] compared a 

typical API cooling crystallization between a batch stirred tank crystalliser and a COBC,  
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operation efficiency was significantly improved from 9 h and 40 min to about 12 min 

with better crystal properties. Besides of cooling crystallization, anti-solvent 

crystallization[14] and co-crystallization [15] were also studied in COBR. The 

applications of COBR in continuous manufacturing and crystallization were reviewed by  

Zhang et al. [16], McGlone et al.[17] and Wang et al.[18]; different types of continuous 

crystallizers were compared and areas for further developments were highlighted 

including chemical compatibility research, encrustation mitigation, process analytical 

tools (PAT) and real-time feedback control [16-18]. However, there has been few study 

on continuous reactive crystallization in a COBR and there is no suitable seeded process 

for such reactive crystallization ever reported.  

1.2 Objective of research 

This PhD work addresses the challenges of combining synthesis and 

crystallization in a continuous process. This project will focus on the characterization of 

a synthesis crystallization in order to gain scientific understanding of how reaction 

kinetics or conditions could affect targeted crystal specifications.  Therefore, 

the strategical objectives of this PhD project consist of three parts: 

 To characterize the chosen synthesis crystallization process and to obtain reaction 

kinetics and understand how parameters affecting kinetics; 

 To study the subsequent crystallization process and comprehend nucleation and 

growth kinetics; 

 To investigate and compare reaction and crystallization kinetics and establish how 

both kinetics could be employed to control solute properties and crystal specifications in 

a continuous oscillatory baffle reactor (COBR). 

 

 



3 

1.3 Structure of thesis 

This thesis is divided into seven chapters. Following this introduction, a literature 

review on the prevalent theories relevant to synthesis and crystallization mechanisms of 

the selected model compound is outlined in Chapter 2. This chapter also provides the 

literature background for general theories of crystallization, as well as the investigations 

of batch and continuous oscillatory baffled reactors.  

Chapter 3 presents the chemical screening results and solubility measurement. 

Both online and offline analytical tools are discussed for monitoring the reactive 

crystallization process, with calibration and testing results presented. Experimental 

procedures for different setups are given in Chapters 4 to 6. 

Chapter 4 presents the reaction scheme and mechanism, and focuses on the effects 

of water and temperature on kinetics of paracetamol synthesis as well as on particle 

properties. Chapter 5 describes the reactive crystallization of paracetamol in an OBR. The 

effects of solvents and impurity on crystallization kinetics and performances are 

examined. Based on that, a reactive seeded cooling crystallization of paracetamol is 

investigated in a COBR in Chapter 6. Effects of seeding load and mixing intensity on 

crystallization kinetics and crystal properties are discussed. By analysing the 

concentrations and crystal sizes at two locations along the COBR, both temporal and 

spatial steady states in concentration and size are assessed. 

Chapter 7 concludes the main findings from this work, and summarises the 

achievements of reactive crystallization of paracetamol in OBR and COBR. 

Recommendations for future work are also given in this chapter, followed by the 

appendixes and a list of references. 
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 – Literature review 

The purpose of this chapter is to set the present research project in context of the previous 

studies relevant to paracetamol synthesis, crystallization sciences and process 

mechanisms, as well as oscillatory baffled mixing studies.    

2.1 Paracetamol synthesis 

A comprehensive list of potential reactions for reactive crystallization has been listed in 

the Appendix A. Both small and large molecule compounds were compared and 

presented, considering factors including safety, product solubility, operation difficulties 

and cost, etc. Paracetamol synthesis was chosen to be the model reaction for this project 

due to its significant usage in pharmaceutical industry and its simple operation 

requirements. Based on this project design, other reactions listed in the appendix can also 

be applied in the future. More details about API selection can be found in Chapter 3. 

Paracetamol, which is also known as acetaminophen or p-hydroxyacetanilide, is 

one of the most widely used analgesic drug in the world today. It is white powder 

crystalline, and has a melting point ranging from 169-171 ºC[1].  

2.1.1 Paracetamol synthesis route 

Since firstly synthesized by Morse in 1878[19], paracetamol production method has been 

changed many times in order to enhance the productivity and product property. The 

procedures can be clarified into four groups according to their starting materials, i.e. 

paracetamol can be prepared from 4-hydroxyacetophenone[20-22], nitrobenzene[23-27], 

4-nitrophenol[28-30], and 4-amniophenol[1, 2], each of which is discussed below. Thus 

the following section was structured according to the reaction starting materials in order 

to understand different synthesis mechanisms of paracetamol from various beginning 

materials.  
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2.1.1.1 From 4-hydroxyacetophenone  

Paracetamol was prepared by Davenport and Hilton[20] in 1984 using a two-step 

process: firstly, a ketoxime (4-hydroxyacetophenone oxime) was obtained by reacting 4-

hydroxyacetophenone with a hydroxylamine salt and a base, the ketoxime was then 

subjected to a Beckmann rearrangement with an acid catalyst such as hydrogen fluoride, 

trifluoroacetic acid, fuming sulfuric acid or thionyl chloride in liquid sulfur dioxide. The 

reaction proceeds as indicated in Figure 2.1. In this method, 4-hydroxyacetophenone 

oxime from step one must be collected from the aqueous solution by crystallization, 

followed by washing, drying, storage and handling prior to the Beckmann rearrangement. 

This adds to operating difficulties and costs. Moreover, the use of strong acid catalysts in 

step two requires necessary neutralization procedures and tedious work ups to recover 

paracetamol and catalyst from the crude reaction mixture.   

        

Figure 2.1 Schemes for two-step process of paracetamol synthesis[20] 

 

Fritch et al.[21] provided an alternative method to the above process by using an 

alkyl ester of alkanoic acid (e.g. ethyl acetate) as the reaction solvent for the Beckman 

rearrangement and thionyl chloride or phosphorous oxytrichloride as catalyst to prepare 

paracetamol of high yield. This method allows 4-hydroxyacetophenone oxime to be 

extracted easily from the aqueous integrated solution in the first step and the mixture can 

then be treated directly with the catalyst after removal of water. The utilization of alkyl 

alkanoate ester and insoluble catalyst also provides an easy separation workup for 

paracetamol products and catalyst recycling.  

In 2009, Ghiaci et al.[22] reported their paracetamol synthesis by liquid phase 

Beckmann rearrangement using new types of catalyst, which were generated by 

impregnation of silica with phosphoric acid at various ratios. Acetone, acetonitrile, 
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methanol and water were employed as reaction solvents. Results showed that the 

conversion of paracetamol was low in polar protic media, whereas in polar aprotic 

solvent, the conversion rose to 100% in acetone, since 4-hydroxyacetophenone has 

difficulties to contact with the catalyst in a polar protic solvent. Compared with traditional 

homogeneous acid catalysts, new types of solid acid catalysts are more active and 

selective for the synthesis of paracetamol, achieving good conversion of oximes in shorter 

reaction times. 

 

2.1.1.2 From nitrobenzene 

The reduction of nitrobenzene to phenylhydroxylamine followed by 

rearrangement to p-aminophenol without isolation of the intermediate product was 

studied by Bassford[23] in 1938 using zinc dust as the reduction agent. The process is 

shown in Figure 2.2 where nitrobenzene was added to a low percentage ammonium or 

alkaline earth salt solution. The mix was vigorously agitated and zinc hydroxide was 

formed on the addition of zinc dust. Nitrobenzene and water was removed by filtration, 

the filtrate and washings were acidified with any non-oxidizing mineral acid. The acid 

solution was heated to about 80-100 ºC and cooled and neutralized, after that p-

aminophenol precipitated out of solution and was recovered by filtration.  

 

Figure 2.2 Scheme for the production of paracetamol by Bassford[23] 

Henke and Vaughen[24] improved the above method in 1940 where p-

aminophenol was produced directly by the catalytic hydrogenation of nitrobenzene in 

mineral acid solution. However, the disadvantages for this kind of reaction are that the 

reaction proceeds undesirably slowly and the use of high pressure equipment with high 

agitation is required. Because of these, the process was further improved by Louis[25] in 

1956 where para-aminophenol was produced with carefully controlled proportions of 
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supported platinum catalyst and starting materials for the reduction part. This allowed the 

reaction to proceed smoothly with mild agitation and without undissolved nitrobenzene 

remaining in the acid reaction medium. Thus a separate phase of nitrobenzene was 

prevented from coating the catalyst or reducing its activity. However, one of the 

disadvantages for previous processes is that a feeding mechanism of high precision was 

needed to maintain the desirable degree of control. Any accidental variations of 

nitrobenzene would result in reaction rate fluctuations or products of low quality. Another 

disadvantage is the high costs of noble metal catalyst and their recovery.  

 

Godfrey and De[26] suggested a more efficient and economical method in 1961 

by the electronic reduction of nitrobenzene in sulfuric acid solution (Figure 2.3). The 

reduction medium was neutralized by calcium carbonate to a PH of 1.5-4.9. The 

precipitated sulphate was filtered off and the filtrate solvent was extracted with benzene. 

The aqueous phase was then directly acetylated without intermediate separation of p-

aminophenol. The yield of paracetamol product was about 80 - 90 %. 

 

Figure 2.3 The electronic reduction of nitrobenzene to produce paracetamol[26] 
 

 

A continuous catalyst recovery process was reported by Benner[31] in 1968. 

Nitrobenzene was hydrogenated in the presence of a dilute sulfuric acid solution, and all 

integrates were added in a reduction vessel. A settling chamber was connected to the 

overflow line to hold the level constant in the vessel. The catalyst suspended in 

nitrobenzene settled to the bottom of the chamber and could be pumped back to the 

reduction vessel for reuse, or to a metal refiner for recovery after filtration. Rylander et 

al.[32] disclosed an improved method in 1973. The platinum group metal catalyst was 

employed to carry out the selective hydrogenation of nitrobenzene and rearrangement in 

the presence of dimethyl sulfoxide (DMSO) and dilute sulfuric acid. A great product 

recovery was achieved by running the reaction until absorption of two molar equivalents 

of hydrogen per mole of nitrobenzene with even a slight addition of DMSO. 
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Another continuous process to prepare p-aminophenol in a 3-hydrogenator 

cascade system was reported by Caskey and Chapman[33] in 1986. The reacting mixture 

was charged to the first reactor at a temperature of 70- 100 ºC, which was consist of fresh 

nitrobenzene, concentrated sulfuric acid, water, platinum on carbon catalyst and a 

divalent sulphur compound such as diethyl sulphide. The hydrogenation was carried out 

once hydrogen was introduced into the same reactor. The overflows of the first reactor 

went to the next reactor which was also agitated under hydrogen pressure and temperature 

control. Separation of different phases proceeded in a decant tank which connected to the 

last hydrogenator. During reaction, the amount of by-product aniline was minimized in 

the presence of the sulfur compound, and the acid helped the phenylhydroxylamine to be 

rearranged to p-aminophenol, the conversion of nitrobenzene in the reactor system was 

typically about 80%. 

A batch system which was optimized for the synthesis of p-aminophenol by 

catalystic hudrofenation of nitrobenzene in acid medium was studied by Rode et al.[27] 

in 1999. Parameters such as acid concentration, agitation speed, organic phase hold up 

and catalyst loading were found to have significant effects on reaction selectivity.  

2.1.1.3 From p-nitrophenol 

Morse [19] firstly reported a direct method in 1878 for the production of 

paracetamol by using tin and acetic acid on p-nitrophenol. Similar methods with various 

concentrated acetic acid were presented by Tingle and Williams in 1907[28]. A number 

of disadvantages existed in this kind of procedure: (1) it was hard to remove the tin and 

incomplete removal of tin salts can result in contamination of paracetamol products; (2) 

it was uneconomical to carry out this process with in excess amount of metal required for 

a chemical reduction with tin and a weak acid like acetic acid. Therefore, simpler and 

more efficient processes were required to produce paracetamol. 

Morris[34] in 1963 developed a method of simultaneous reduction of p-

nitrophenol and acylation of p-aminophenol without prior isolation.  Using acetic acid as 

the solvent, p-nitrophenol was reduced with gaseous hydrogen over a bed of palladium 

catalyst, and 1-1.2 equivalent of acetic anhydride was added at the same time to produce 

acetylaminophenol. This method could be operated continuously when all the starting 
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materials: hydrogen, nitrophenol, acetic acid and acetic anhydride were subjected 

concurrently or counter-currently in the presence of catalyst. The paracetamol was 

produced with a yield of 75-100 % and of excellent quality. 

This method was then improved by Duesel and Godfrey[29] in 1967. Acetic 

anhydride together with the acetylation medium was used as the reaction solvent. 

Distilled water was added to make the reaction product and catalyst filtration was easily 

handled. The paracetamol product isolated from the reaction medium was found suitably 

pure for direct pharmaceutical application without need for further purification. The 

reaction could be carried out at a temperature ranging from 70 -100 °C, the yield was 88 

– 90 %. 

Ruopp and Thorn[35] reported a process in 1981 for the direct preparation of 

paracetamol from p-nitrophenol. They found out that borate ion, such as boric acid, could 

prevent the production of undesirable side products and discoloration effects during the 

hydrolysis of p-chloronitrobenzene and hydrogenation of 4-nitrophenol procedures. This 

allowed the production of aminophenol by subjecting the nitrophenol directly to 

hydrogenation without prior separation and purification steps. The boric acid was added 

to p-nitophenol before the hydrogenation and acetylation, or to the p-chlorotrobenzene 

before or during the subsequent hydrolysis. The p-nitrophenol containing hydrolysate was 

then applied directly to the acetylation to produce high purified paracetamol, using 

palladium-on-carbon as the hydrogenation catalyst.  

Generally, there are various catalysts being applied to hydrogenate p-nitrophenol 

to prepare p-aminophenol: strong acid, such as sulfuric, hydrochloric and phosphoric  

acids[36, 37]; metal material, e.g. aluminium, platinum, palladium or noble metal and 

their oxides[31, 34, 36, 38, 39]; and molybdenum sulfide or platinum sulfide-on-

carbon[40], etc. The p-aminophenol obtained from all these methods required substantial 

purification steps before employed to produce paracetamol, paracetamol product so 

produced was of an acceptable purity [41-44]. 

Besides all the investigations on catalytic hydrogenation methods, reaction 

kinetics had also been studied. Ness and Warner[30]  in 1987 hydrogenated p-nitrophenol 

to p-aminophenol and concurrently acetylated the p-aminophenol to paracetamol under 
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controlled conditions to achieve acetic anhydride with no excess when the hydrogenation 

reaction was completed. Compared to previous researches, this method effectively 

shortened the reaction time and produced paracetamol of improved quality. Vaidya et al. 

[45] studied the intrinsic kinetics of catalytic hydrogenation of p-nitrophenol to p-

aminophenol and found that the solvent polarity could increase the hydrogenation rate 

and catalytic activity.  

 

2.1.1.4 From 4-aminophenol 

For the one-step process, paracetamol was prepared by reacting acetylation of 4-

aminophenol with a small stoichiometric excess of acetic anhydride in an aqueous 

medium at a high temperature (see Figure 2.4). A crude aqueous reaction mixture was 

produced and followed by a crystallization step to recover paracetamol product. As 

mainly applied for pharmaceutical purposes, the crystallization process must carefully be 

controlled to obtain crystals with desired properties (high purity, good morphology, 

narrow particle size distribution, steady polymorphic form, less agglomerates, etc.) using 

series of process analytical tools. It indicated that a high grade of the starting material p-

aminophenol was essential to produce a pharmaceutical grade of paracetamol. 

 

 

 

Figure 2.4 Synthesis of paracetamol 

Young[1] in 1963 discovered a simpler method to prepare a relatively pure 

paracetamol without the need of highly pure p-aminophenol nor a catalyst or blanket gas. 

In this process, p-aminophenol was mixed with water and acetic anhydride, wherein the 

amount of water delivered a weight ratio to p-aminophenol at least about 0.5 to 1. The 

reaction was carried out rapidly at a temperature of 70 or 85 ºC with agitation. Raw 

Acetaminophen    

 (Paracetamol) 

4-Aminophenol     Acetic Anhydride Acetic Acid 
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paracetamol product was separated by cooling, and then purified further by dissolving 

and crystallising in an aqueous solution of ammonium hydroxide. Solid absorbent such 

as carbon black could be added to the solution. White crystalline paracetamol of good 

physical properties was obtained after filtration with a yield of 94%. 

Baron et al. in 1975[2] also provided a methodology for the preparation of 

paracetamol in pure form where 4-aminophenol was dissolved in hot acetic acid, treated 

with carbon, filtered and the filtrate was further treated with acetic anhydride at 85 ºC. 

The advantage for this method was that the colour forming bodies were efficiently 

removed from the starting material by the carbon treatment, and no neutralization was 

needed. This was not expected in Young’s research[1], however, the yield of the first crop 

crystals was quite low due to the limited solubility of p-aminophenol in aqueous solution. 

Paracetamol of higher purity was finally separated by cooling crystallization. To increase 

the yield, the mother liquor was recycled after the separation of paracetamol product.                                                                                                                                                                                                                  

Huber [46] in 1981 developed a stepwise reaction scheme in which the 

hydrogenation of p-nitrophenol was interrupted, acetylation of p-aminophenol 

accomplished and followed by at least one further hydrogenation step, each of which was 

proceeded by another acetylation step. The pH was kept below about 7.0. There was no 

excess acetic anhydride or strong acid required in this method. However, it was difficult 

to control the correct percentage of the initial reduction reaction before the initiation of 

the acetylation reaction on a commercial scale. 

Another direct synthesis of paracetamol from hydroquinone has been 

development by Joncour et al. in 2014[47]. Paracetamol was generated in acetic acid 

using ammonium acetate as the mediating agent at elevated temperatures (230 ºC, 15 

hours). Excellent selectivity (> 95 %) and high yield were obtained in the absence of 

metallic catalysts. However, due to the demanding operational conditions, this route was 

not chosen for paracetamol reactive crystallization in this project.  

Although staring with different materials, all these above methods combining with 

the recrystallization process can produce paracetamol with good qualities. However, 

paracetamol synthesis using 4-aminophenol requires simple conditions, has less overall 

process time and generates no gas. Moreover, opportunities for impurities, which are 
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resulted from previous reactions, to pass over to the final step can significantly be 

reduced. Therefore, the route for producing paracetamol via 4-aminophemol was chosen 

in this work. 

2.1.2 Reactors 

The reactors for paracetamol synthesis vary from one method to another, 

depending highly on the operation conditions. The most common reactor is the jacketed 

reaction vessel as used by Ruopp and Thorn[35], in which the reaction temperature was 

easily controlled. A Parr shaker was employed in Freifelder’s research (cited by 

Morris[34]), the reaction was carried out at room temperature and an ice bath was utilized 

to cool down the mixing slurry after the reaction completed. A stirred autoclave was 

applied in the study of Davenport and Hilton[20] to meet different arrangements of 

pressure and temperature. Ghiaci et al.[22] carried out experiments in a 50 ml round-

bottom flask with a reflux condenser, a thermos-stated bath was used to control the 

reaction temperature.  

It has been known that the hydrogenation and acetylation processes in batch 

reactors are not overly efficient, even for the single step reactions. The temperature is 

difficult to control because of the continuously changing heat released from the reactions. 

For instance, the single step operation suggested by Morris[34] could easily be adapted 

to a continuous process, however, the scale of any fixed bed reactor and conversion of p-

nitrophenol would be highly depended on the cooling efficiency due to the highly 

exothermic reaction. In that case, Foster et al. [48] suggested a process for producing 

paracetamol on a continuous basis in a stirred tank reactor, by catalytically hydrogenating 

p-nitrophenol and concurrently acylating p-aminophenol with acetic anhydride. 

Compared to batch operation, the continuous process provides a high purity product by 

minimizing the concentration of reaction by-products and is easier to operate with a 

constant heat release. 

2.1.3 Summary  

Paracetamol can be prepared from 4-hydroxyacetophenone[20-22], nitrobenzene[23-27], 

4-nitrophenol[28-30] and 4-amniophenol[1, 2]. The one step acylation of p-aminophenol 
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has been attracting more attention due to its simple conditions with zero-gas involved. In 

general, most of the synthesis operations were limited by a following recrystallization 

process to obtain desired crystal size distributions and morphologies. Moreover, 

operations in batch platforms would also lead to problems in scaling up and solvent shift 

efficiency. In this PhD research, paracetamol is produced by acylating p-aminophenol 

with anhydride in the presence of distilled water and a seeded cooling crystallization 

process is directly followed without prior separation. The reactive crystallization is firstly 

investigated in a batch oscillatory baffled system, and then adapted to a continuous OBR 

to fulfil the objectives of this research project. All these will be discussed in the next 

section. 

 

2.2 Paracetamol crystallization 

In pharmaceutical industries, crystallization is a key unit operation with approximately 

90% of small molecule active pharmaceutical ingredient (API) manufacturing processes 

containing a crystallization step[49]. It is an important purification process by forming a 

highly pure crystalline solid throughout a solid-liquid separation[50]. It is also a particle 

formation process by which molecules in solution are transformed into a solid phase of 

regular lattice structure under different controls [50, 51].  

Solution crystallization can generally be described in two stages: nucleation and 

crystal growth. The degree of nucleation and crystal growth determines important product 

properties, such as crystal size and size distribution [52]. Furthermore, the growth rate 

affects the purity of crystalline products as fast growth may lead to liquid inclusions. The 

prerequisite for crystallization to occur is a supersaturated solution which is not at 

equilibrium. Crystallization occurs when the solution system strives to reach equilibrium 

and supersaturation that strongly depends on the liquid-liquid and/or solid-liquid mixing 

state. Therefore, desired and reproducible product qualities are associated with the good 

control of three steps in a crystallization process[53, 54]: 

i. Achievement of supersaturation 
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ii. Formation of crystal nuclei (nucleation) 

iii. Subsequent crystal growth  

 

2.2.1 Supersaturation  

In a crystallization process, supersaturation provides the required driving force for 

nucleation and crystal growth, both of which accelerate as the level of supersaturation 

increases. It is therefore desirable to minimize the extent of nucleation process and 

maximize the crystal growth so that most of the material dissolved in the solution can 

accumulate on the surfaces of a small number of crystals in order to obtain the required 

crystal size distribution. This can be achieved by controlling the level of supersaturation 

during the crystallization process[55]. 

Supersaturation is a relationship of solution concentration as a function of 

temperature, which is closely linked with the solubility of a compound[56].  

Thermodynamically, if a solution comprising a given solute is in equilibrium, 

the chemical potentials of the solute in the solution, µsolution, and the solute in the solid 

phase, µsolid,, must be equal[57], as shown below:  

∆μ = μsolution − μsolid = 0                                                (2-1)                                                

where ∆μ is the difference in the chemical potentials (J mol-1). A typical solubility profile, 

as established by the three distinct regions: undersaturated, metastable 

and supersaturated, are presented in Figure 2.5. 
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Figure 2.5 General schematic of a model solubility profile[58] 

Understanding the phase equilibria is crucial to crystallization. Solution will 

nucleate spontaneously in labile region, and crystal will dissolve in undersaturated region. 

While in metastable region, crystals will grow[59]. In undersaturated region, µsolution < 

µsolid, which leads to the value of ∆µ negative. This means that solid crystals will dissolve 

and no nucleation occurs. When the solution is cooled/evaporated/added with an anti-

solvent, it crosses the solubility curve (see Figure 2.5) and enters the metastable region, 

where the value of ∆µ is positive[12, 60]. This indicates that the solute in the solution 

state predominates, which is a prerequisite for crystallization[57]. However, 

supersaturation in solution alone is insufficient for nucleation to occur. Seeding would 

however be necessary to induce nucleation since spontaneous crystallization is rather 

unwanted. A certain level of supersaturation, also known as the supersolubility (see 

Figure 2.5), is required for the creation of new solid interfaces. The region between the 

supersolubility and the solubility curve is known as the metastable zone (MSZ) which is 

considered ideal for crystal growth[58]. The solution must only be seeded at certain levels 

of supersaturation, ideally within the MSZ. This can ensure that the seeds, which are 

the source of crystal nuclei, restrain from dissolving, so that the solution is not too 

undersaturated[61]. A typical pathway of a seeded crystallization process is presented 

in Figure 2.6 below by the dotted line. 

Supersaturated Region 

Undersaturated Region 
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Figure 2.6 General schematic of a seeded crystallization process[62] 

 

It can be seen in Figure 2.6 that as an undersaturated solution is cooled (dashed 

line), it crosses its solubility curve and enters the MSZ, within which an optimal seeding 

point is located.  Specific supersaturation requirements can be met for seeding to be 

effective, thus allowing a better controlled nucleation process to take place. Otherwise, 

as a result of increasing the rate of supersaturation by further cooling/evaporating/anti-

solvent addition, the solution will pass the MSZ limit and move into the supersaturated 

region. 

The chemical potential, µ (J mol-1), can be expressed by means of the standard 

potential, µ0 (J mol-1), and the standard activity,a0, as shown below: 

μ = μ0 + RTln a0                                    (2-2) 

Where R is the universal gas constant (8.314 J mol-1 K-1) and T the absolute 

temperature (K).  

Undersaturated Region 

 

Supersaturated Region 
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The fundamental dimensionless driving force can be obtained by substituting the 

above into Eq. (2-2) [63],  the following can be derived:  

∆μ

RT
= ln 

a

a∗
= lnS                                         (2-3)                        

where S is the fundamental supersaturation in the system, a and a* are activity in 

supersaturated solution and solute activity in saturated solution, respectively. For 

practical purposes, it is difficult to obtain the real value of activity in solution system. 

Generally, the driving force ln (
a

a⋆) or supersaturation ratio (a/a*) is usually converted in 

terms of concentration with the assumption that its activity is independent 

of concentration, i.e. the solution activity coefficient of a supersaturation solution is equal 

to that of a saturated solution [61, 64, 65], so that: 

 ln S = ln
c

c∗
                                                    (2-4)  

Where c is the actual concentration (kg m-3), and c*  is the equilibrium concentration (kg 

m-3).The supersaturation of a system can be expressed in different ways, among which 

the most common ones are the concentration driving force, ∆c, the supersaturation ratio, 

S, and the relative supersaturation ratio, σ. These expressions are defined as[51]: 

∆c = c − c∗                                                          (2-5) 

   σ =
c−c∗

c∗
                                                                (2-6) 

   S =
c

c∗
                                                                     (2-7)      

 

Considerable confusion can be caused if the units of concentration are not clearly 

defined for ∆c. The temperature must be specified for analysing supersaturation. In this 

PhD work, the supersaturation ratio S is chosen to be the main expression for 

crystallization driving force. 



18 

2.2.2 Types of crystallization 

Achievement of supersaturation may occur by (see Figure 2.7): 

 Cooling – reduce the temperature to reduce solubility 

 Evaporation – reduce the solution volume 

 Anti-solvent - addition of precipitant or diluent to reduce solubility 

 Chemical reaction 

Supersaturation is usually generated by these four main methods – any single one 

or a combination, in series or parallel as shown in Figure 2.7. Therefore, there are a 

number of ways to crystallize fine chemicals or active pharmaceutical ingredients (APIs) 

from their solutions [66-70].  

 

Figure 2.7 Diagram of crystallization methods 
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2.2.2.1 Cooling crystallization 

Cooling crystallization is the most common technique in industrial applications. 

In cooling crystallization, supersaturation is generated due to the reduction in solubility 

with temperature, the solvent capacity of the system remaining approximately 

constant[59, 71]. Figure 2.7 shows a schematic diagram describing a typical cooling 

crystallization process. When a solution is cooled at a constant concentration of dissolved 

crystals, supersaturation will increase. Nucleation can occur once the solution moves into 

the metastable zone with seeding, or crystallization will take place spontaneously once 

the solution is moved to the labile supersaturated region with further cooling[12, 65]. The 

rate of supersaturation generation is dependent on cooling rate, thus theoretically cooling 

crystallization allows both nucleation and growth rate of crystals to be controlled. To 

achieve that, various online, in-situ process analytical technologies (PATs) are employed 

in the increasing number of crystallization operations [55, 72-76]. For instance, an 

integrated array of PATs, focused beam reflectance measurement, particle vision 

microscopy, Raman spectroscopy and in-house development crystallization process 

informatics system software (CryPRINS) were used in the research of Powell et al.[77] 

to monitor the periodic steady-state flow crystallization of paracetamol. 

Natural cooling is the simplest method to cool a solution, which is determined by 

the heat transfer capacity of the crystallizer. However, natural cooling will lead to various 

supersaturations that may be detrimental to the process as there is no control on the 

cooling process. It has the potential to decrease the temperature rapidly to pass through 

the metastable zone and reach the uncontrolled nucleation region without seeding. This 

is a major problem to cause oiling out, agglomeration, a wide crystal size distribution and 

occlusion of solvent and impurities. Another problem of uncontrolled cooling is the 

accumulation of crystals scaling on the cooling surface caused by low temperatures at the 

wall, leading to non-uniformity in products[78]. 

Mullin and Nyvlt [51, 79] derived cooling strategies to match the cooling rate with 

the increasing surface area, which were very useful to control supersaturation. They 

prescribed cooling rates much slower at the outset than natural cooling in order to 

maintain supersaturation in or close to the growth region when the crystal surface area 

for growth was low. This method can reduce encrustation by limiting temperature 

differences across the jacket.  
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Seeding is a key variable in the control of cooling crystallization. The ideal 

seeding point is when the solution first crosses the solubility curve. However, the solution 

temperature can be affected by several factors, including the actual concentration of the 

material to be crystallized, mixing intensities as well as the impurities affecting the 

solubility. There are two cases if not seeding properly. Generally, if the seed is added at 

a temperature too far above the solubility temperature, the seed may totally be dissolved 

in the solution, which makes no contribution to the crystallization, resulting in 

uncontrolled nucleation; if on the other hand the seed is added at a temperature too far 

below the solubility temperature, the product may have already nucleated. In either case, 

the increase in nucleation could result in a decrease in impurity rejection and/or a change 

in particle size distribution and other physical attributes[78].  More discussions about 

seeding will be presented in the following section 2.2.3.3. 

2.2.2.2 Evaporation crystallization 

In evaporation crystallization, supersaturation is produced by the loss of solvent 

accompanied by a subsequent reduction of solvent capacity with time, assuming the 

process is an isothermal operation with the solubility of a solute in solvent remaining 

almost constant[70]. A schematic sketch of an evaporation crystallization process is 

illustrated in Figure 2.8. 

 

Figure 2.8 Schematic of evaporation crystallization 
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It is difficult to determine when exactly the solution crosses the saturation line as 

the concentration increases, seeds are then suggested to be added as slurry in the 

evaporation solvent[78]. In addition, uncontrolled nucleation takes place in evaporation 

crystallization due to localized supersaturation at the liquid-vapour-solid interfaces. 

Therefore, although widely practiced for production of industrial chemicals, evaporation 

crystallization is rarely used in pharmaceutical operations as it is often not applicable or 

achievable to control the conditions for crystallization [78, 80]. 

2.2.2.3 Anti-solvent crystallization 

In anti-solvent crystallization, supersaturation is generated by the addition of an anti-

solvent to reduce the solute solubility and consequently the solvent capacity of the system 

increases with time[70]. Figure 2.7 compares the different routes of cooling and anti-

solvent crystallization processes. Instead of cooling the system, anti-solvent (e.g., water) 

is added to the solvent (e.g., acetone) at a constant temperature[81]. 

The polymorph of crystals generated through anti-solvent addition is difficult to 

manipulate as it creates extremely high supersaturation levels in a short period of 

time[82]. Thus anti-solvent crystallization often yields small crystals with a narrow size 

distribution because of the high rate of crystallization. The control of both supersaturation 

and crystal growth can be achieved by controlling the anti-solvent addition rate, and 

considering the effects of various process parameters on size, number, shape, degree of 

agglomeration and polymorphic form of product crystals, including the type of anti-

solvent, feed concentration, solution concentration, anti-solvent addition rate and 

agitation intensity[83].  

Mitchell et al.[84] studied the anti-solvent crystallization of paracetamol in 

ethanol-water solutions. The primary nucleation kinetics was estimated from metastable 

zone width and induction times. The effects of solvent composition on the nucleation 

rates were investigated. Kachrimanis and Malamataris[85] examined the effects of 

polymer on properties of paracetamol crystals during an anti-solvent crystallization 

(ethanol/water system). Crystal yield, micromeritic and compression behaviour could be 

improved in the presence of polymers. Granberg et al.[86] studied the influence of solvent 
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composition on the crystallization of paracetamol in acetone-water mixtures, the growth 

kinetics of paracetamol in different solvent compositions were investigated[87]. 

Image analysis or photographic methods are very useful in determining the 

presence of nucleation conditions[88, 89]. Brown and Ni[81] studied the anti-solvent 

crystallization (acetone/water system) of paracetamol in an oscillatory baffled crystallizer 

(OBC) where a laser illuminated video imaging system was used to determine the 

instantaneous and overall average crystal growth rate. The video imaging results showed 

a high degree of agreement compared with those of the standard sampling techniques. 

2.2.2.4 Reactive crystallization  

Reactive crystallization is characterized when the supersaturation of a crystallizing solute 

is created by chemical reaction, i.e. supersaturation occurs as a consequence of the 

production of a desired component[70]. The solubility and solvent capacity may remain 

constant, and both the reaction and crystallization steps may be treated as occurring in 

series. 

In reactive crystallization processes, the solubility of the formed compound is 

normally low or very low. The reaction can be very fast compared to both the mass 

transfer rate and the growth rate of the crystals, e.g. precipitations, thereby a region with 

high supersaturation and subsequent rapid nucleation and growth will form around the 

feed point of reactants[90]. For this type of processes, it is difficult to control particle 

properties in the precipitation part because there is usually no practical method to slow 

down the reaction process. Therefore, successful operation depends on a careful balance 

between the addition rate of the reagents, local supersaturation, global supersaturation, 

mass transfer and crystal growth surface area[78]. Moreover, mixing condition in the 

crystallizer has a significant influence on the final product characteristics, while 

interactions are complex as nucleation and growth kinetics in reaction crystallization are 

poorly understood[5, 6]. The lack of mathematical optimization studies on reactive 

crystallization could also be attributed to the difficulty in modelling the mixing 

kinetics[91]. 
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Reactive crystallizations are commonly used in production of some inorganic 

compounds like calcium carbonate and barium sulphate, but are also extensively used in 

production of pharmaceuticals and organic fine chemicals. A common procedure is to 

feed one reactant into an agitated solution of the other reactant. Generally, the crystal size 

is found to decrease with increasing feed rate in single-feed semi-batch experiments[92]. 

For instance, Slund and Rasmuson [93] studied semi-batch precipitation of benzoic acid 

in a stirred tank reactor and found that the influences of agitation rate, agitator type and 

feed point location could well be correlated by the estimated feed point energy dissipation 

rate. Larger crystals were produced with a decreased feed rate and decreased reactant 

concentrations.  

Ståhl et al.[6] estimated the kinetics of the reactive crystallization of benzoic acid 

by mixing hydrochloric acid and sodium benzoate solutions in a T-mixer. After 

examining the optimization process and evaluating the model and kinetics, it was 

concluded that care must be exercised in both the design of the model and the 

determination of kinetics. Similarly, a reactive crystallization of salicylic acid was 

investigated by Caro et al.[5]. Dilute hydrochloric acid was added to an aqueous solution 

of sodium salicylate in a semi-batch reactive crystallization process. Results showed that 

the mean size increased with decreasing feeding rate and reactant concentrations. There 

was also a decrease in mean size with increasing feed pipe diameter. However, the 

crystallization kinetic parameter estimation was found to be quite complex, as the 

objective function of hyper surface contained many different minima. Consequently their 

work failed to find a set of kinetic parameters that provides for a good description of all 

experimental data[5, 6]. 

However, Utomo et al.[94] proposed that a controlled supersaturation at the 

addition of the reagents required an initial charge of seed to prevent uncontrolled 

nucleation, leading to the creation of an excess number of particles. Ammonium 

phosphates were produced in their research by reacting ammonia and phosphoric acid in 

a jacketed semi-batch reactive crystalliser equipped with a dual feed system and a turbine 

type agitator. Effects of various parameters (seed crystals, feeding system, feed flow rate, 

initial supersaturation, feeding time and mixing intensity) on the reactive crystallization 

supersaturation, crystal yield, crystal shape and final crystal size distribution (CSD) were 

studied to understand the kinetics. Wang and Ward[95] studied the seeding policy and the 

operation of a batch reactive crystallization process of L-glutamic acid. The result showed 
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that seeding could almost entirely be used to suppress nucleation, and late-growth 

trajectories would generate smaller final nucleated mass fraction, which was supported 

by rigorous simulation and optimization. In the study of Alatalo et al.[96], glutamic acid 

was precipitated by adding sulphuric acid to a mono sodium glutamate solution in a 

reactive semi-batch crystallization process. In order to investigate the feedback control, 

they built up a closed-loop control process to manipulate the driving force of reactive 

crystallization using the feed rate of acid. This allowed the glutamate ion concentration 

to be adjusted according to time dependent pre-fined set point trajectories, which led to 

the control of both the polymorphic form and the crystal size distribution.  

Compared with the precipitations described above, reactive crystallization 

involves a chemical synthesis firstly that produces a new solute totally dissolved in the 

reaction/crystallization solution. A supersaturation can then be generated through either 

cooling down the solution or by the addition of anti-solvent, thus crystallization takes 

place subsequently after the reaction step[97]. In other words, the reaction conditions 

would affect the solution properties and concentrations that have further impact on the 

following crystallization step.  Characterization of this type is the aim of this PhD work, 

more literature review is given in this section. 

Caldeira and Ni[97] mixed water and vanillin in a fed batch oscillatory baffled 

reactor at 60 ºC. The mixture and sodium hydrogen sulphite were then charged into the 

continuous oscillatory baffled reactor (COBR) which was at the same temperature. 

Vanisal sodium crystals were produced by the synthesis reaction and followed by a 

cooling process. Another example was the reactive crystallization of acetylsalicylic 

acid[97], acetic anhydride and salicylic acid were mixed at 90 ºC while the concentrate 

sulphuric acid was pumped into the COBR at room temperature. The chemical reaction 

took place at 60°C with good mixing of all reactants at laminar flow conditions.  The 

crystals of acetylsalicylic acid were then obtained by a cooling crystallization process 

afterwards.  

Ni and Mackley[7] studied the irreversible reaction between sodium hydroxide 

and ethyl acetate in both a pulsatile flow and a stirred tank reactor. The conductivity drop 

during the reaction was observed and the kinetics of the reaction were investigated 

according to the conductivity change of sodium hydroxide. The synthesis and 

crystallization of poly(ethylene glycol)-poly(caprolactone) diblock copolymers (PEG-
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PCL) was studied by He et al.[98]. Mutual influences between PEG and PCL 

crystallization were examined by altering the relative block length. The result showed 

microphase separation occurred because the PCL and PEG blocks liked to crystallize 

themselves in all the copolymers; and the crystallization temperature and time depended 

on the relative block length. 

Lee et al. and Lee et al.[3, 4] researched the synthesis of paracetamol by reacting 

4-animophenol with acetic anhydride. Paracetamol particles were produced from three 

different crystallization paths with various modes of agitation and additions of sodium 

hydroxide. The concentration of paracetamol, temperature and pH value throughout 

reaction and crystallization were monitored by process analytical tools. Crystallization 

kinetics and crystals agglomeration were studied, whereas the filtration property, 

flowability and dissolution rate from different methods were compared. However, the 

effects of reaction conditions and kinetics on crystal properties have not been 

investigated. 

In this PhD project, the focus is on the reactive crystallization of paracetamol in 

order to understand if the reaction kinetics could be manipulated to influence 

crystallization kinetics and crystal specifications. 

2.2.3 Crystal nucleation  

It has been known that supersaturation alone is not sufficient to cause crystallization[51, 

60]. Crystals can develop only when a number of solid bodies, nuclei or seeds exist in the 

solution. Nucleation can take place spontaneously (homogeneous nucleation) or be 

induced artificially (heterogeneous or secondary nucleation). There are a number of 

mechanisms for nucleation once the solution is supersaturated. The scheme is displayed 

in Figure 2.9. Primary nucleation is reserved for the cases that do not contain crystalline 

matter. On the contrary, secondary nucleation refers to the behaviour that nuclei generated 

in the presence of crystals in a supersaturated system. 
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Figure 2.9 Nucleation mechanisms[51] 

 

2.2.3.1 Homogeneous nucleation 

The formation of a stable crystal nucleus within a homogeneous fluid is not known for 

certain. According to the classical nucleation theory, in a saturated solution clusters of 

solute molecules are constantly forming and dissolving as a reversible process. Once 

supersaturation is achieved, the formation of nucleus becomes more possible. However, 

this consolidation of solute molecules to create tangible solid surfaces has an energy 

barrier. The probability of forming a stable cluster or nucleus is determined by the energy 

of its formation and growth.[60] 

The overall free energy difference, ∆G (J), between a small particle of solute and 

the solute in solution is defined as the summation of the surface free energy, ∆Gs (J)  and 

the volume freee energy, ∆Gv (J) [51] as: 

∆G = ∆Gs + ∆Gv                                                             (2-8) 

∆Gs = 4πr2γ                                                                   (2-9) 

∆Gv = - 
4πr3δ

3v
                                                              (2-10) 
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where r is the radius of nuclei (m); v the molecular volume (m3 mol-1); γ the interfacial 

surface tension (J m-2); and δ the volume free energy change of the transformation (J mol-

1).  

The two terms ∆Gs and ∆Gv have opposite signs and rely differently upon r, thus 

the sum ∆G will pass through a maximum value, ∆Gcrit (Figure 2.10). The critical free 

energy difference, ∆Gcrit (J), corresponds to the critical nucleus redues, rc (m), which is 

the minimum size of radius for a cluster to retain stable. 

 

Figure 2.10 Free energy diagram for nucleation[51] 

 

 

For a spherical cluster,  
d∆G

d r
= 0 , by substituting Eq.(2-9) and Eq.(2-10) into 

Eq.(2-8) and differentiating for r, the critical cluster size is determined as: 

rc = 
2γ v

δ
                                                              (2-11) 

According to the basic Gibbs-Thomson Relationship, for a non-electrolyte it can be 

written as: 
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ln S =
2γ v

KTr
                                                          (2-12) 

where K is the Boltzmann constant, (the gas constant per molecule, K=1.3805 × 10-23 J 

K-1). So   

δ = KT ln S                                                               (2-13) 

It can be seen that the rc is a function of the chemical potential difference, 

combining Eq. (2-11) and (2-13) we get:  

              rc = 
2γ v

KT lnS
                                                     (2-14) 

The critical free energy is then determined by: 

∆Gcrit =  
16πγ3 v2

3 δ2
   =    

16πγ3 v2

3 K2T2(lnS)2
                                   (2-15) 

Eqs. (2.14) and (2.15) show that the size of critical nucleus is dependent on 

supersaturation, rc ∝ (ln S)-1, whereas the critical free energy difference is also a function 

of the supersaturation, ∆Gcrit ∝ (ln S)-2. These relationships are shown in Figure 2.11, 

where it can be seen that both rc and ∆Gcrit decrease when supersaturation increases. 
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Figure 2.11 Effect of supersaturation on nucleation free energy and critical nucleus size 

 

The nucleation rate, J (kg m-3 min-1), effected by free energy, is illustrated as: 

J = Ae
−∆G

kT                                                                 (2-16) 

where A is the rate constant, # s-1 m-3. Combining Eq. (2.15), it indicates that the rate of 

nucleation is governed by temperature, T; degree of supersaturation, S; and the interfacial 

tension, γ. Figure 2.12 plots the nucleation rate with respect to supersaturation. It can be 

seen that the rate of nucleation rapidly increases till the critical level of supersaturation is 

exceeded. 
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Figure 2.12 Nucleation rate as a function of supersaturation[60] 

 

2.2.3.2 Heterogeneous nucleation 

It is generally accepted that homogeneous nucleation is rarely seen in crystallization 

applications. It is virtually impossible to prepare a solution completely free of foreign 

bodies, such as atmospheric dust or remnants of a previous batch. Heterogeneous 

nucleation, with the presence of foreign bodies, can occur at a lower degree of 

supersaturation than that required for the spontaneous nucleation in a ‘clean’ system. This 

leads to higher nucleation temperatures and nucleation rates. Solid impurities can induce 

opportunities for absorption of solute molecules, reducing the energy barrier associated 

with the formation of a critical nucleus. Therefore, the overall free energy required for 

heterogeneous nucleation ∆G’crit (J) must be less than that for homogeneous nucleation, 

∆Gcrit (J), as shown in Eq. (2.17): 

∆G’crit = ∅∆Gcrit                                                                                         (2-17) 

where ∅ is the correction factor and 0 < ∅ < 1. 
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Figure 2.13 Interfacial tensions at the boundaries in heterogeneous nucleation[51] 

 

It has been mentioned earlier that interfacial tension, γ, is one of the vital factors 

for controlling nucleation process. Mullin[51] presented an interfacial energy diagram for 

three phases (two solids, one liquid) that involved in nucleation (Figure 2.13). The contact 

angle θ is the angle between the foreign solid and the surface of crystalline deposit. The 

value of θ can be predicted by resolving the three forces in Figure 2.13 as: 

cos θ =  
γsl−γcs

γcl
                                                       (2-18)         

where 𝛾𝑠𝑙, 𝛾𝑐𝑠, and 𝛾𝑐𝑙 stand for the interfacial tensions between the foreign solid surface 

and the liquid, between the growing crystalline and the impurity solid surface, and 

between crystal and liquid. 

Based on that, Volmer[99] defined the value of ∅ as: 

∅ =  
(2+cos θ)(1−cos θ)2

4
                                          (2-19) 

If there is completely no correlation between crystal structure and solid impurity 

surface, θ = 180°, then ∅ equals to 1, this illustrates that the overall free energy for 

nucleation is the same as that for homogeneous nucleation, i.e. no heterogeneous 

nucleation takes place. If there is partial affinity between crystal and solid of impurity, 

then 0° < θ < 180°. In this case ∅ is less than 1 and ∆G’crit is less than ∆Gcrit. Thus 

heterogeneous nucleation will take place due to reduced critical free energy. 
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2.2.3.3 Secondary nucleation 

If the contact angle θ equals 0°, ∆G’crit will be zero, nucleation will take place at much 

lower supersaturation than that of primary nucleation. This is called secondary nucleation.  

A few mechanisms for secondary nucleation have been studied by many researchers. 

Contact nucleation and seeding nucleation are the two main types. 

Collisions in solution system can cause breakages at the point of contact, inducing 

contact nucleation when a single crystal is split into fine particles in the supersaturated 

solution and becomes secondary nuclei. The collisions can be caused by the contacts 

between crystals and crystallizer walls/agitator/impellor or other crystals. Agitating speed 

is directly proportional to the properties of crystal products [51, 100]. 

Beside of mixing in solution, fluid flow is also responsible for secondary 

nucleation[101, 102]. Micro-crystalline dust could be swept into supersaturated regions 

by the solution flowing past by seed crystals. Alternatively, crystals adhere to the surface 

could be shed off and induced into the solution by fluid flow, causing secondary 

nucleation. Therefore, secondary nucleation relies not only on supersaturation control, 

but also the hydrodynamics in crystallizers. It is generally agreed that a good 

understanding of secondary nucleation is very important to control over nucleation 

process in industry to prevent rapid nucleation which would cause deviation from targeted 

crystal properties.  

As a result, adding seeds in supersaturated solutions is widely employed in 

crystallizations to dominate nucleation mechanism and control particle growth under 

reproducible conditions[103]. Furthermore, inoculation of seeds could efficiently avoid 

encrustations, control polymorphic crystal form and the specifications of final products 

such as crystal morphology and size distributions [104]. In general, the seeding efficacy 

is dependent on several questions involving how to prepare seeds, seeds quality, seeding 

method, seeding temperature, seeding load, seed size and etc.[103]. 

 How to prepare seeds 
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It is essential to have consistent and well defined seeds from suitable preparation 

methods for high quality crystallization products. Sometimes seeds can simply be induced 

to the system by scraping the surface of the crystallizer[105], or can crystallize from an 

unseeded fast cooling process[106]. Normally, seeds are prepared via procedures 

including milling, washing and sieving[107]. To find out the effects of seeds preparation 

on products properties, seeded crystallizations of potassium dichromate in water were 

carried out by Aamir et al. [107] using seeds prepared by three different methods: 

crystalline-sieved, milled-washed-sieved and milled-sieved. The experimental measured 

size distributions of products were compared with simulation results from a population 

balance model. A good agreement was shown when the seeds of good quality with no 

fines, while over-prediction of crystal size distribution appeared when the seeds contained 

fine particles or dusts. Growth kinetics were different as a result of different surface 

properties between the milled and crystallised seeds. The kink densities in the milled 

seeds could be optimized by washing process smoothening the fractured faces and 

edges[108]. 

 How to seed 

Seeding for crystallization involves introducing solute crystals to solution by 

either single crystal or a certain mass of dry crystals, or a slurry that contains particular 

amount of crystals[109]. For dry addition, attention has to be given to make sure that the 

seeds are uniformly dispersed in the solution instead of attaching on the wall of the 

crystallizer. Otherwise, particle clumping or aggregation is likely to happen as a result of 

powder adhesion[108]. Slurry seeding can disperse dry seeds in a certain volume of liquid 

before their addition into any crystallization system, especially for continuous 

crystallizers. This also helps to smoothen any fractured edges of the seed particles via 

growth and Ostwald ripening[108].  

Novel designs of continuous seeding with freshly prepared seed suspension have 

been developed in recent years[108]. Seed crystals could continuously be prepared in a 

separate nucleation unit by precipitation, antisolvent or quench crystallization 

method[110, 111]. The slurry was then fed into a concentrated solution where 

supersaturation was created by the temperature trajectory along the crystallizer.  
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In the research of Ferguson and co-workers[112], seed slurry was generated in a 

plug flow device by a single addition anti-solvent (ethanol/water system), and used to 

seed the equivalent batch cooling crystallization of benzoic acid. The final crystal 

properties were controlled by variation of the seeding properties and unequal flowrates 

of feed/anti-solvent. 

 Seeding temperature/ Seeding load 

As mentioned in section 2.2.2.1, seeds should be introduced in the solution at 

specific conditions of supersaturation to make sure the seeding to be effective[62, 113], 

ideally within the metastable zone with as shown in Figure 2.2 previously. The seeding 

point lies between the solubility curve and the metastable limit line beyond which 

spontaneous nucleation would occur. If seeds are added in the under-saturated region, 

seeds would be dissolved reducing the seeding effective. Conversely, if seeds are added 

in the supersaturated region, primary nucleation has already taken place, reducing the 

effectiveness of seeding. The seeding point varies from compound to compound based on 

different experimental conditions.  

Al-Zoubi and Malamataris[105] studied the influences of seeding temperature, 

initial concentration and cooling temperature on the transformation of paracetamol from 

monoclinic to orthorhombic nucleation in ethanoic solution. While monoclinic nucleation 

occurred at high initial concentrations, low seeding temperatures and long seeding times, 

orthorhombic form increased the yield by increasing initial concentrations, reproducible 

production of pure orthorhombic form was achieved at medium initial concentrations, 

higher cooling temperatures and agitation rates[114]. 

Mohammad et al.[115] studied the crystallization of carbamazepine-saccharin co-

crystal where crystallization temperature increased with the increases of seeding 

temperature and seeding load, and nucleation time decreased with seeding load. This was 

as expected because higher seeding load resulted in more surface area for expediting 

nucleation process.  

 Seed size 
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Generally, besides of nucleation induction, both seed load and seed size contribute 

to the necessary surface area for crystal growth. The questions of ‘how much seed mass 

to add?’ and ‘what size is the seed?’ really depend on the specifications of final crystal 

particles. If large particles are required, less seeds enable fewer particles to grow bigger 

at a certain amount of crystallizing material. On the other hand, if small particles are 

needed, more seeds are then added therefore the growth is spreading across a greater 

number of crystals, resulting in smaller amount of growth for each particle[109]. For an 

unagglomerated growth only model, the relationship between products size and seed size 

can be illustrated by Eq. (2-20) as below.     

Wf

Wseed
=

FNsρsSip
3

FNsρsSs
3 = (

Sip

Ss
)3                                   (2-20) 

where Ns is the number of seed crystals which is assumed to be conserved, F is the crystal 

shape factor, Ls is the seed size (µm) and Lip the size of the ideal product crystals (µm), 

ρs is the density of solid crystal (g ml-1). The final mass of crystals produced, Wf (g), is 

the sum of the seed mass, Wseed (g), and the theoretical yield, Wtheo (g).  

According to Eq. (2-20), the ratio of the actual number of product particles, Np, to the 

ideal number of total crystals (the number of seed particles), Ns, can be expressed as: 

Np

Ns
= (

Wf

Wseed
)(

Ss

Sp
)3                                                   (2-21) 

The value of Np/Ns can be employed to analyse the degree of agglomeration. If 

agglomeration occurs, the number of crystals at the end of the process will be smaller 

than the initial seeding number (0<Np/Ns<1). On the other hand, if nucleation and growth 

are the dominate mechanisms, the value of Np/Ns will be larger than 1. This principle was 

utilized by Warstat and Ulrich[116] where the effects of seed mass, cooling profile, seed 

size, supersaturation and seed quality on the specifications of product crystals were 

examined thoroughly. It was found that increasing seed mass decreased the mean size of 

products as well as the dependence on the cooling procedure. The ratio of Np/Ns decreased 

with seeding mass but increased with seed size. Nucleation happened at a high level of 

supersaturation, while breeding effects were found to be dominate for milled seed crystals 

that had a wide size distribution. The value of Np/Ns was close to 1 for crystallized and 
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suspension seeds, which indicated that the number of product crystals was close to that 

of seed crystals and the process was dominated by the growth of seeds. 

For seeding kinetics study, Frawley et al.[117] investigated the secondary 

nucleation kinetics of paracetamol in ethanol solutions in a seeded cooling crystallization 

process. A numerical model was developed to examine the effects of supersaturation, 

temperature, agitation and seed surface area on crystallization kinetics. The secondary 

nucleation rate was found to increase with seed surface area, supersaturation and agitation 

rate. The model simulation, which utilised the population balance equation and the 

method of moments, showed a good agreement with experimental data. Similarly, a direct 

estimation model was established by Long et al.[118] to simultaneously examine the 

growth kinetic parameters of mass deposition rate and growth order. Based on a series of 

isothermal batch crystallization operations of mono-ammonium phosphate, it was found 

that both parameters decreased with the seeding mass. This finding could help to control 

the seeding crystallization kinetics for generating desirable crystal products.   

Actually, instead of seeding, gassing is an innovative technology to induce 

nucleation in cooling crystallization, which was recently discussed by Kleetz et al.[119]. 

It was found out that both gassing and seeding crystallization could provide more 

specified products with increased production capacity compared to the unseeded 

operation. Gassing crystallization was estimated to be a competitive alternative to seeding 

with less effort in process design to ensure constant performance. 

2.2.3.4 Nucleation kinetics 

In crystallization, nucleation plays a decisive role in determining the crystal structure and 

size distribution. Much of the literature has been focused on nucleation for the obvious 

reason that the number and size of nuclei initially formed can dominate the remainder of 

the operation[78]. Hence, understanding of the fundamentals of nucleation is important 

to achieve control over these properties[120, 121]. 

The Nývlt equation [122-125] is the classical approach for nucleation kinetics 

estimation, which usually gives a good fit to experimentally measured MSZW. It is 

assumed that the nucleation rate J at the beginning of nucleation was related to the 
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maximum solution supersaturation ∆cmax as well as the cooling rate λ. This was expressed 

according to Eq. (2-22) and Eq. (2-23): 

J=k ΔCmax
b =k (

dc 

dT
ΔTmax)

b                                           (2-22) 

J = ( 
dc 

dT
) λ                                                               (2-23) 

where ΔTmax is the maximum supercooling between the saturation temperature T0 and 

nucleation temperature Tn, c is the mole fraction solubility of solute at temperature T, b 

and k denote the apparent nucleation order and nucleation constant, respectively, and λ is 

the cooling rate. Eliminating the nucleation rate J in equations Eq. (2-22) and (2-23), then 

taking logarithms on both sides, we obtain Eq. (2-24): 

ln (ΔTmax) =  
1 

b
ln λ - 

1 

b
ln k + 

1−b

b
ln(

dc 

dT
)                                 (2-24) 

Therefore, a linear relationship between ln ΔTmax and ln λ can be predicted. This 

enables the analysis of nucleation kinetics combined with experimental work. The mass 

nucleation rate constant, kb
′ , is determined by the intercept, then converted to a number 

based rate constant by the following [125]:  

kb =
kb

′

αρcr3
                                                                 (2-25)  

Where kb is the number nucleation rate constant, α volume shape factor, ρc the crystal 

density and  r the average nuclei size (m). 

However, the limitation of the Nývlt approach[126, 127] is that crystal growth had 

not been taken into account, and the derivation was based on the assumption that the 

solubility coefficient dc/dT did not depend on the saturation temperature T0. This results 

in unclear physical nature of the nucleation order and nucleation constant. Recently, a 

self-constant Nývlt-like equation was proposed by Sangwal[126, 128, 129] and declared 

that an expression relating dimensionless maximum supercooling (ΔTmax/T0) with the 
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cooling rate λ was expected to describe the experimental ΔTmax data better than the 

original Nývlt equation. Then Eq. (2-24) was modified to Eq. (2-26): 

ln (
ΔTmax

T0
) =  

1 

b
ln λ - 

1 

b
[ln k + (2b-1)lnT0] + 

1−b

b
ln(

dc 

TdT
)                (2-26) 

It is assumed in the Sangwal’s equation that the nucleation rate J was related to 

the maximum supersaturation ratio Smax by a powder-law expression, and based on the 

theory of regular solutions for temperature and solubility, the relative supersaturation 

(S=c2/c1) was described as a function of MSZW by Eq. (2-27)[126]: 

J = k lnSmax
b  = k (ln

C2 

C1
)

b = k(
ΔH

RT1

ΔTmax

T2
)

b                               (2-27) 

where c1 and c2 are solution concentrations at temperature T1 and T2, respectively, and 

∆T= T2-T1, Δ𝐻 is the heat of dissolution and R is the gas constant. Eq. (2-28) indicates 

that the nucleation rate is related to the generation rate of supersaturation, where f is the 

proportionality constant. 

J = f 
ΔC 

C1∆t
= f

ΔC 

C1∆T

ΔT 

∆t
= f

ΔH

RT1T2
 λ                                  (2-28) 

When T1 attains the value of nucleation temperature Tn, the saturation temperature 

T2 is replaced by the initial saturated temperature T0. The combination of Eq. (2-27) and 

(2-28) gives: 

ln (
ΔTmax

T0
) =  

1 

b
ln λ +

1−b

b
ln(

∆H

RTn
)+ 

1 

b
(ln 

f 

k
) −

1 

b
lnT0                     (2-29) 

This deviation predicts a linear relationship between ln (ΔTmax/T0) and ln λ, 

enables the determinations of nucleation order from slope 1/b. The main advantage for 

Eq. (2-29) compared with Eq. (2-24) is that the effect of initial saturation temperature T0 

on dc/dT is now included. However, it remains difficult to identify the influences of some 

physical factors, such as impurities and secondary nucleation. 
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Another approach was suggested by Kubota[130] to account for the dependence 

of the measured MSZW for a given system on the detection technique that was employed 

to indicate the first nucleation events, which was not considered by Nývlt. The Kubota 

interpretation equated the nucleation rate, B (m-3
 s-1), to the rate of the change of a 

detected nuclei density, 
𝑁

𝑉
 (# m-3) , with time[125]:  

B =
d(

N

V
)

dt
                                                              (2-30)                              

ln ∆Tmax =
1

b+1
ln [(

Nm

Vkb
′ ) (b + 1)] +

1

b+1
ln λ                               (2-31)  

A plot of ln∆Tmax  versus ln λ would yield a straight line, with a gradient equal 

to 
1

b+1
, shown in Eq. (2-31), where b is the nucleation order, 

Nm

V
 the minimum detectable 

number density of the nuclei and is apparatus dependent. The mass nucleation rate 

constant, 𝑘𝑏
′ , was then determined by the intercept similar to the Nývlt approach. 

Besides the above theoretical interpretations on nucleation process, there are also 

some other kinetic studies, [120, 126-128] such as classical 3D nucleation theory 

approach and progressive 3D nucleation and etc. These are not discussed here, as these 

can be considered as the variants from the basic interpretations. 

2.2.4 Crystal growth  

Once a nucleus of a crystal has been established, it will continue to increase in size until 

the rate of growth units joining the crystal surface has exceeded that of the crystalline 

entities in supersaturated solution[63].  The analysis and development of industrial 

crystallization processes require knowledge of growth kinetics, a number of crystal 

growth theories have been developed and are reviewed in the literature [60, 131-134], e.g. 

the surface energy theory, absorption layer theory, kinematic theory and the diffusion-

reaction theory. Most of the theories have not been able to predict or describe the growth 

of crystals as a function of important independent variables because of the complex 

parameters that cannot be evaluated experimentally[134, 135]. Generally, the diffusion 
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model is commonly applied to many crystallization processes for analysing mass transfer 

and similar kinetics. As a result, diffusion theory will be discussed in this section. 

It was originally proposed by Noyes and Whitney[136] that the deposition of 

crystal on surface was essentially a diffusion process. Reversely, crystallization can be a 

dissolution process and the rates of both are determined by the concentrations on crystals 

surface and in the bulk of the solution. It was presented in Eq. (2-32) for crystallization 

process. 

dm

dt
= kmAs(c − c∗)                                               (2-32) 

Where m (kg) is the mass of solid deposited in time t (s); 𝑘𝑚 the coefficient of mass 

transfer (kg s-1 m-2); As the surface area of the crystal (m2). 

By assuming that there would be a thin stagnant film of liquid adjacent to the 

crystal surface, through which the solute molecules would diffuse, Nernst[137] proposed: 

dm

dt
=

D

δ
A(c − c∗)                                               (2-33) 

Where D is the coefficient of diffusion of the solute (kg m-1 s-1) and δ is the thickness of 

stragnant film (m). 

The value of δ would depend on the relative velocity between liquid and crystals, 

i.e. the degree of agitation in the system. Up to 150 µm of film thicknesses had been 

measured for stationary crystals in stagnant solution, while these valves were found to 

drop rapidly to virtually zero in vigorously agitated systems. As a result, this could lead 

to an infinite growth rate in the well mixed system, which obviously suggests that the 

concept of film diffusion alone is not sufficient to explain the mechanism of crystal 

growth. Furthermore, substances generally dissolve faster than they crystallize at the 

same temperature and composition. Thus crystallization is not necessarily the reverse of 

dissolution, or else they would be at the same rate[51].  
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As a response to these issues, a considerable modification by Berthoud[138] and 

Valeton [139] (all cited by Mullin [51]) was made to the diffusion theory. They suggested 

that there were two stages in the mass deposition process as shown in Figure 2.14.  

  

Figure 2.14 Concentration driving forces for the diffusion-reaction model[51] 

Firstly, solute molecules were transported from the bulk of the fluid to the crystal 

surface, then followed by a first order ‘reaction’ when the solute molecules arranged 

themselves into the crystal lattice. The two steps were represented by equations: 

 
dm

dt
= kdA(c − ci)                          Diffusion                 (2-34) 

and 

dm

dt
= krA(ci − c∗)                        Reaction                 (2-35) 

where 𝑘𝑑is the coefficient of mass transfer, kg s-1 m-2; 𝑘𝑟 the coefficient of reaction rate, 

kg s-1 m-2; and 𝑐𝑖 the solute concentration at the crystal-solution interface. Both stages 
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were taking place under the effect of different concentration driving forces as can be seen 

in Figure 2.14. However, the interfacial concentrations are difficult to measure in practice. 

Therefore, the term 𝑐𝑖 is eliminated by considering an overall concentration driving force, 

(c − c∗): 

dm

dt
= KGA(c − c∗)g                                            (2-36) 

where kG is the overall crystal growth coefficient, kg s-1 m-2; and g is the order of overall 

growth process. If the surface reaction is a first order, i.e. g=1, the interfacial 

concentration ci can be eliminated from Eq. (2-34) and (2-35), so that 

dm

dt
=

A(c−c∗)
1

kd
+

1

kr 

                                               (2-37) 

or 
1

KG
=

1

kd
+

1

kr 
                                              (2-38) 

 

For extremely rapid reaction, the value of kr is large, KG=kd and the crystallization 

process is controlled by the diffusion process. Similarly, for large kd, i.e. the diffusional 

operation is fast, KG=kr and the process is controlled by the surface integration. Generally, 

the diffusional step is considered to be linearly depended on the concentration driving 

force, but the assumption of a first order surface reaction is not confirmed[51]. The rate 

equations can be expressed as 

RG =
1

A
∙

dm

dt
= kr(c − ci)        (Diffusion)                                (2-39) 

                    = kd(c − c∗)r       (Reaction)                                (2-40) 

                    = KG(c − c∗)g       (Overall)                                 (2-41) 
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2.2.4.1 Growth kinetics 

Fundamental studies have been focused on single crystal growth mechanisms, individual 

surface growth rates have been evaluated [140-142]. Various experimental measurements 

and estimations have been employed to determine overall mass transfer rates under 

controlled conditions, in turn, to obtain size-dependent growth rate [3, 65, 84, 86, 88, 143, 

144]. There is however no generally accepted method for expressing the growth rate of 

crystallization, because of the highly dependence on supersaturation, solvent 

compositions, morphology, size, temperature and etc., the most convenient and useful 

method is to measure crystal growth rates in terms of mass deposited per unit time per 

unit area of crystal surface, instead of individual face growth rates[51]. The overall linear 

growth rate, G (m s-1), can be illustrated as 

G = KG
β

3αρc
∆c g                                                         (2-42) 

where K’G, 𝜌𝑐 and g are the overall mass transfer coefficient (kg m-2 s-1), crystal density 

(kg m-3) and growth order, respectively. The growth rate is related to the level of 

supersaturation in terms of concentration difference as ∆c=(c-c⋆), where c is the 

concentration in solution (kg solute kg-1
solvent) and c* refers to solubility at the same 

temperature (kg solute kg-1
solvent).  

In this PhD work, the dimensionless supersaturation, S (=
c

c∗
), was applied to the 

evaluations of overall linear growth rates (Eq. 2-43), which indicated various 

supersaturation levels in different solvent conditions.  

G = KG
β

3αρc
(ln S) g                                                     (2-43) 

Similar equation as Eq. (2-41) was employed by Mohana and Myerson[134] and 

Granberg et al.[86] to establish and analyze the influence of the solvent composition on 

the average crystal growth rates. 
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2.3 Oscillatory flow devices 

2.3.1 Introduction 

Oscillatory flow was firstly investigated for applications in chemical engineering in the 

1980s[145], based on the study of Van Dijick in 1935[146] on the oscillatory flow in a 

pulsed sieve plate column. Bellhouse[145] reported the study of oscillatory flow in 

furrowed channels in membrane filtration. Sobey et al.[147, 148] characterized the vortex 

mixing for this type of set up in 1980, while Knott and Mackley in the same year reported 

that mixing could be enhanced with vortex formation if sharp edges were presented in the 

flow. In 1987 Mackley[149] proposed the first conception of oscillatory baffled reactor 

in the form of a cylindrical tube with periodically spaced orifice baffles and a high mixing 

performance was achieved by the vortices generated via fluid oscillation. Brunold et 

al.[150] demonstrated the generation and cessation of large scale eddy mixing produced 

in shape edges in oscillatory flow, assessed this mixing by flow patterns and energy 

losses. Dickens et al.[151] reported that efficient radial and axial eddy mixing was 

achieved in a near plug flow operation. A large amount of research work has been carried 

out since then on mixing [152-155], heat transfer[156-158], mass transfer[159-161], scale 

up correlations[9, 162, 163] and residence time distribution[164-166]. In recent years, the 

research and development of OBR has subsequently paved the way for industrial 

applications in biological processes [167-169] and crystallization process [8, 65, 97, 113, 

170, 171], the latter of which is relevant to this work.  

2.3.2 Fluid mechanics 

In an OBR, the fluid moving through baffles forms vortices or eddies[172] as shown in 

Figure 2.15. On the upstroke, vortices form behind the baffles providing axial and radial 

currents, while on the downward stroke, eddies formed by the upstroke are forced into 

the central portion of the column, creating significant radial motion, while new vortices 

are simultaneously generated behind the opposing baffle. The constant generation of 

eddies due to oscillations of fluid leads to a complex series of flow patterns which results 

in highly efficient axial and radial mixing. The mixing intensity is controlled by the 

oscillation frequencies and amplitudes. There are two methods for achieving oscillatory 

motions, the typical setup for each method will be discussed in Chapter 5 & 6.  
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Figure 2.15 Formation of eddies in an OBR [172] 

It has generally been agreed that the mixing performance of oscillatory baffled 

reactor can be characterised by two dimensionless groups: the oscillatory Reynolds 

number (Re0) and the Strouhal number (St) which are defined by Eq. (2-44) and (2-45).  

Re0 =
x0ωD

ν
                                                       (2-44) 

St =
D

4πx0
                                                          (2-45) 

where 𝑥0 is the amplitude of oscillation from centre to peak (m); ω(= 2πf) the angular 

frequency (rad s-1); f the linear frequency (Hz); D diameter of the column (m); and 𝜈 

kinematic viscosity of the fluid  (m2 s-1). 

The oscillatory Reynolds number measures the intensity of oscillation and the 

Strouhal number represents the ratio of column diameter to amplitude of oscillation that 
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determines the length of eddy propagation showing how effectively the system is at 

generating vortices[165]. 

It was reported that the flow mixing density was low at  Re0  < 250, vortices 

exhibited essentially 2D axi-symmetry. In the region of 100 a potential separating current 

was noted[164]. In contrast, when  Re0 was above 250, the symmetry was broken, the 

flow showed 3D turbulence and a well-mixed flow scheme developed progressively. The 

transition of turbulent flow started at around Re0 = 2100[166]. 

In a continuous OBR, a net flow Reynolds number is relevant as:  

Ren =
ρuD

μ
                                                             (2-46) 

where ρ is the fluid density (kg m-3) and 𝑢  is the mean velocity (m s-1), μ dynamic 

viscosity of the fluid  (Pa.s). To maximize the mixing effect, the value of Re0 should be 

higher than Ren. Eq. (2-47) as defined by a velocity ratio, Ѱ, as[156]: 

Ѱ =
Re0

Ren
                                                               (2-47) 

It is recommended that for oscillatory flow operation, Re0 ≥ 100, St ≤ 0.5, Ren ≥ 50 

and velocity ratio Ѱ in the range of 2 - 10[17]. 

2.3.3 Reactor Geometry 

In order to optimize the mixing conditions in terms of heat and mass transfer in an OBR, 

it is important to understand the reactor geometry that controls the vortex generation 

including baffle type, baffle thickness, Tb (m), baffle orifice size, d (m), baffle diameter, 

Db (m), and baffle spacing, L (m). Figure 2.16 illustrates a typical configuration of an 

OBR with a diameter of Dc (m). 
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Figure 2.16 Typical OBR baffle scheme 

Baffle spacing of 1.5 times the column diameter was suggested by Zhang et al. 

[155] for generating the optimal mixing conditions in an oil-water system, while Ni and 

Gao[160] in 1996 reported an optimal baffle spacing of 1.8 times Dc in a mass transfer 

study involving air and water for a better vortex generation. Gough et al. [153] in 1997 

stated that better mixing can be generated using a baffle spacing of up to 2 times the 

column diameter and an oscillation amplitude of one quarter the baffle spacing..  

By performing a thorough investigation, a baffle thickness of 2-3 mm and the 

baffle free area of 20-22 % were identified to provide the highest mass transfer rate[173, 

174].  The baffle free area ratio, ε, was defined as the baffle orifice area divided by the 

tube cross sectional area, as shown in Eq. (2-48). 

ε =
A2

A1
                                                                        (2-48) 

where A1 is the column cross sectional area, m2 and A2 is the baffle orifice area, m2. 
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The gap size between the outer diameter of the baffle and the wall of the column 

plays an important role in mixing time. Ni and Stevenson[154] reported that the larger 

the gap size, the longer time the system took to achieve good mixing and thus the lesser 

efficient of the OBR system.  

OBRs with four types of baffles (helical, integral, single orifice and multi-orifice) 

were investigated by Ahmed et al.[175] on their performances in two phase flows. The 

multi-orifice was highly recommended for gas-liquid systems, as it showed the most 

significant enhancement in the volumetric mass transfer coefficient. In the contrast, the 

helically baffled design was not recommended for gas-liquid mass transfer applications. 

Similarly, baffle designs on radial/axial fluid stretching and mixing were investigated 

[176], the disc-donut baffles could be useful for multiphase applications due to significant 

shear strain rates and axial dispersion. On the other hand, the helical blade designs were 

suggested for decreasing axial dispersion, while maintaining significant levels of shear 

strain. 

2.3.4 Mass and heat transfer studies 

Mass transfer of oxygen into water was reported for oscillatory flow in a baffled tube by 

Hewgill et al. (1993)[159], a six-fold increase in kLa was measured as compared with 

those for a bubble column. Ni et al. (1995)[152] showed a 75% increase in kLa for air-

yeast system.  Much higher production rate of pullulan was also presented by Gaidhani 

et al.[161]. In ozone-water mass transfer study, Al-Abduly and co-workers [177] reported 

5 and 3 times more efficient for the OBR than the baffled (no oscillation) and bubble 

columns respectively. The enhancement was due to the uniform bubble size distributions 

and smaller mean size, prolonged bubble residence times and gas hold up[178] and 

enhanced breakage rate[179, 180].  

In terms of heat transfer, Mackley et al.[157] found that the presence of baffles 

and oscillations significantly enhanced heat transfer in continuous systems. The heat 

transfer rate was strongly depended on oscillation intensity including frequency and 

amplitude. A correlation was proposed by Mackley and Stonestreet in 1995 [156] to 

predict the Nusselt number (Nu) within the range of  100 ≤ Ren ≤ 1200, 0 < Reo ≤ 800, 

which was fitted to the experimental data (Eq. (2-49)). A 30 times improvement in Nusselt 
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number could be attained at specific conditions for continuous operations[156]. Stephens 

and Mackley[158] reported that both pulsing fluid and oscillating baffle batch systems  

were energy efficient and better heat transfer, comparing to a stirred tank system with 

similar energy input.   

Nu = 0.0035Ren
1.3Pr

1

3 + 0.3[ 
Re0

2.2

(Ren+800)1.25
 ]                                       (2-49) 

 

Recently, Law et al.[181] developed a new method (Eq. (2-50))for predicting heat 

transfer in OBR with the most comprehensive experimental work to date and covering a 

wider range of operating conditions (200 ≤ Ren ≤ 1300, 0 < Reo ≤ 8700). Moreover, 

the Prandtl number (Pr) at a range of 4.4 - 73 was also included. The accuracy was within 

30 %, which was more accurate than the previous correlations. 

Nu = 0.022Ren
0.7Pr0.3Re0

0.44          (0 < Re0 ≤ 1300)                        (2-50) 

Nu = 0.52Ren
0.7Pr0.3                  (Re0 > 1300)                               (2-51) 

2.3.5 Residence time distribution (RTD) 

Residence time distribution (RTD) is a tool for assessing reactor performances and have 

extensively been used in the research and development of oscillatory baffled reactors. 

Mackley and Ni (1991) [163] reported the near to plug flow RTD by manipulating 

different oscillatory parameters. Ni and Pereira[175] and Reis and coworkers[176] 

investigated the effects of oscillatory amplitude and frequency on RTD. Stonestreet and 

Veeken[166] showed that RTD was dependent on both net and imposed oscillatory flows, 

a velocity ratio, Ѱ, was employed to determine where the system could be operated close 

to a plug flow, the optimum RTD was achieved in the range of 1.8 ≤Ѱ ≤ 2.0.  

Whereas most of the previous studies were carried out based on a single phase 

liquid flow[165], residence time distribution of liquid and solid phase in a continuous 

oscillatory baffled crystallizer was studied by Kacker et al.[182] via a heterogeneous 

tracer system (melamine-water).  They found that mixing intensity at 2 mm and 2 Hz was 
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sufficient to obtain plug flow like mixing of suspending all four slurry concentrations 

tested (Figure 2.17).  

 

 

 

 

 

 

 

 

 

 

Figure 2.17 Particle counts distribution, measured by FBRM at the exit of DN15 

crystalliser (f = 2 Hz, flow rate = 100 ml min-1)[181] 

In this work, a COBR will be used for both reaction and crystallization of 

paracetamol. 

2.3.6 Power density 

In order to compare mixing efficiency or reactor performance among different devices, 

power density (power dissipation per unit volume) is used as the common basis [156, 164, 

183].The power density for an OBR is defined by Eq. (2-49): 

P

V
=

2Nbρ(1−ε2)

3πCD
2 ε2

x0
3ω3                                                    (2-52) 

where P/V is the power density (W m-3); ρ the fluid density (kg m-3); Nb the number of 

baffles per unit length (m-1); CD the orifice discharge coefficient (usually taken as 

0.7)[184, 185]; ε the fractional free area of baffles; 𝑥0the amplitude of oscillation from 

centre to peak (m); and ω is the angular frequency (rad s-1). Although there have been two 

different models for estimating power dissipation rate in OBR, the recent CFD work by 

Jimeno Miller et al.[186] (2018) showed that both the quasi-steady model and the eddy 
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enhancement model give similar power density estimations and can be used 

interchangeably. For this reason, only one power density equation above is presented in 

this work. 

OBR mixing was more energy efficient than a STR[7], the power densities in two 

OBRs of different scales was constant[187]. In cooling crystallisation of L-glutamic acid, 

the MSZW in an OBR was more constant and narrower than that in a STR within the 

same power dissipation range, metastable form of crystals was not obtained in the OBR 

due to stronger mixing[188]. Thus, compared with STRs, the better mixing conditions in 

OBRs can achieve a narrower MSZW and a stable solid form that is more suitable for 

secondary processes. 

2.3.7 Crystallization in COBR 

Batch crystallization is the most common used method in pharmaceutical industry, while 

some of the crystallization operations are well understood[189, 190], there are however 

significant issues with batch-to-batch variability, large footprints and wastes. Consistent 

mixing environment for flow substances in COBR [10, 11] enables uniform suspension 

of solids in solution, better heat and mass transfer, more operational flexibility and more 

sites for implementing online process analytical technologies (PAT) [17], together with 

its linear scale-up correlation. These are the essential requirements for crystallisation, 

which has attracted increased research work in continuous crystallisation in COBR. 

Lawton et al.[12] compared a typical cooling crystallization of pharmaceutical API in a 

batch STR and a COBR, uniform crystal size was obtained with faster filtration rate in 

the latter, in addition, a 9 h and 40 mins batch operation was completed in about 12 mins 

in the COBR.  

Once steady state has been achieved, continuous processing generates products 

with little variation[191]. Briggs et al.[192] successfully carried out a seeded cooling 

crystallization of β-L-glutamic acid in a 25 m long COBC, the steady state was achieved 

constantly after 2 residence times and remained for at least 10 hours producing desirable 

polymorph and purity. Besides of cooling crystallization, anti-solvent crystallization[14, 

193] and co-crystals production[15] were also undertaken. Brown et al.[14] achieved both 

temporal and spatial steady states for solute concentrations; spatial steady states for 
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crystal size in the anti-solvent crystallization of salicylic acid in a COBR, however, the 

temporal steady state for crystal size was hard to attain due to the unstable flow rates. In 

the study of a spherical crystallization of benzoic acid by Pena et al.[193], using a spatially 

distributed solvent, anti-solvent and binder addition strategy, the steady state for total 

counts was observed after four residence times. However, the individual mechanism for 

each step was not attainable due to the back mixing of the system. ɑ-Lipoic acid: 

nicotinamide co-crystals were generated continuously by Zhao et al.[15] in a 24 m 

jacketed glass COBC (diameter 16 mm) for 2-3 hours at a flow rate of 70 ml min-1.  

Applications of COBR in continuous manufacturing and crystallization were 

reviewed by Zhang et al. [16], McGlone et al.[17] and Wang et al.[18], different types of 

continuous crystallizers were compared and areas for further development were 

highlighted including chemical compatibility, encrustation mitigation, PAT, and real-

time feedback control [16-18].  A system-based workflow for pharmaceuticals was 

developed by Brown et al.[194] where case studies were presented to demonstrate how 

to define the methodology, make key decisions and observe outputs at each stage, thus to 

avoid risks from decisions made on any aspect of the process. This workflow was 

successfully applied to a seeded continuous cooling crystallization and met the specific 

targeted crystal size.  

2.4 Summary  

Very little work on reactive crystallization of paracetamol can be seen in the 

literature review, this is the gap and also the focus of this PhD work. Since reaction 

conditions affect solution properties and concentrations that have further impact on the 

following crystallization, it is therefore essential to understand the reaction mechanism 

and kinetics, as well as parameters influencing reaction kinetics; investigate how reaction 

conditions affect nucleation and growth kinetics in the subsequent crystallization process.  
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 – Experimental setup and methods 

This chapter presents the screening work for the targeted compound of investigation, and 

properties of reagents involved in this research.  Solubility measurement procedures are 

outlined, and analytical methods for determinations of reaction and crystallization 

kinetics are also described in this chapter. Crystallisers and the associated operating 

procedures used in each aspect of this PhD programs are given separately in later chapters.  

3.1 Chemical screening 

A comprehensive list of potential recipes (Table A.1 and Table A.2 in the 

Appendix) has been established in order to identify the most suitable pharmaceutical 

compounds generated via reactive crystallization methodology, balancing different 

factors including suitability, safety, usage, cost and operating difficulties. Among the list, 

aspirin, paracetamol, benzoic acid and L-glutamic acid are the potential small molecule 

compounds, while clorprenaline succinate, phenytoin-Zn, sulfadiazine-Zn and piperazine 

ferulate are examples of larger molecules. Over 90% of the active pharmaceutical 

ingredients (API) in pharmaceutical industry are crystals of small organic 

molecules[195]; and more than 80% of all traded drugs have a molecular weight below 

450 g mol-1[196]. This is why small molecules are the focus of this work. In addition, 

larger molecular compounds are less likely to crystallize than smaller ones[197], as more 

complex reactions and long reaction times are often required in different synthesis steps.  

As a result, the target is on small molecule compounds. Paracetamol was finally selected 

as the final candidate compound due to its: 

 significant application in pharmaceutical industry; 

 simple operation requirements for synthesis 

 suitable solubility data for cooling crystallization 

 dependence of polymorphic forms on operation conditions 

Starting materials for paracetamol synthesis include 4-aminophenol, water and 

acetic anhydride, whereas paracetamol and acetic acid are reaction products. Basic 

information of physical properties of these chemicals are listed in Table 3.1. 
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Table 3.1 Characteristics and physical properties of reagents used throughout 

experiments 

Reagent Molecular 

Weight 

Molecular 

Formula 

Structure 

Formula 

Product 

Information 

Purity 

Grade 

4-Aminophenmol 109.13g mol-1 C6H7NO 

 

CAS No:123-30-8 

Density: 1.13 g cm-3 

Melting point:187.5 ºC 

Boiling point:284 ºC 

≥ 99% 

Acetic Anhydride 102.09 g mol-1 C4H6O3 

 

CAS No:108-24-7 

Density:1.08 g cm-3 

Melting point:-73.1 ºC 

Boiling point:139.7 ºC 

≥ 99% 

Acetic acid 60.05 g mol-1 C2H4O2 

 

CAS No: 64-19-7 

Density:1.05 g cm-3 

Melting point:16.6 ºC 

Boiling point:118.1 ºC 

- 

Paracetamol 151.16 g mol-1 C8H9NO2 

 

CAS No:103-90-2 

Density:1.263 g cm-3 

Melting point:169 ºC 

Boiling point:420 ºC 

98.0-102.0% 

Water 18.02 g mol-1 H2O 

 

CAS No:7732-18-5 

Density:1.0 g cm-3 

Melting point:0 ºC 

Boiling point:100 ºC 

Resistivity of 

18.2 MΩ cm 

at 25°C 

 

 

3.2 Solubility measurement 

As introduced in section 2.1.1.4, paracetamol is produced with acetic acid as a side 

product, which is also the solvent for the following crystallization process. The solubility 

of paracetamol in various mixtures of acetic acid and water at different temperatures was 

thus studied. The following procedures were operated by referencing previous studies on 

paracetamol solubility measurements[3, 4].  
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About 10 mg of paracetamol was weighed in a 10 mL scintillation vial. The 

mixture solutions of water and acetic acid with different ratios (acetic acid: water = 0:10, 

3:7, 5:5, 7:3, 8:2 and 10:0) were titrated carefully into the vial by a micropipette with 

intermittent shaking until all solids had been dissolved. The solubility values at five 

different temperatures of 20 ºC, 35 ºC, 50 ºC, 65 ºC, and 75 ºC were determined in a water 

bath, and each measurement was repeated three times. From that the solubility of 

paracetamol in various solvents was calculated by dividing the weight of paracetamol 

solid over the total weight of solvents added to the vial. The results for paracetamol 

solubility are listed in Table B.1 in Appendix and applied to all the following chapters. 

3.3 Characterisation methods 

In order to extract the kinetics for this reactive crystallization process, concentrations of 

at least one species, either a reactant or a product, must be followed and recorded during 

the process. There are a number of process analytical tools as listed in Table 3.2 that 

would allow such data to be generated. In the following sections, the validity of each tool 

was examined in details.  

Table 3.2 Process analytical tools for the synthesis crystallization 

Analytical tools Function 

FTIR                    (online) To measure the solute concentration profile as a function of time 

UV-vis              (offline) To monitor concentration profiles of a reactant as a function of time 

HPLC                   (offline) To quantify concentration of a reactant remained in a sample 

To check products purity 

Microscope       (offline) To display crystal size and shape 

XRD                 (offline) To evaluate crystal polymorph 

Mastersizer       (offline) To confirm crystal size distribution 

PVM                 (online) To monitor crystal shape and size profiles along time 

DSC                  (offline) To check purity of products 
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3.3.1 FTIR measurement  

Fourier transform infrared analysis (FTIR) is commonly used to determine the 

concentration of solute in pharmaceutical fields [198, 199]. The working principle is that 

an infrared spectrum represents a fingerprint of a sample with absorption peaks 

corresponding to the frequencies of vibrations between the covalent bonds of the atoms 

making up the material. According to the peak interpretation list from Joseph et al.[200], 

there are three functional group peaks for the paracetamol product (See Table 3.3).  

Table 3.3 Peak interpretation list for paracetamol 

Range (cm-1) Group and Class Assignment and Remarks 

1630-1680 (vs)           C=O in secondary amides        C=O stretch (Amide I band) 

1475-1565 (vs)            NH in secondary amides          NH deformation (Amide II bond) 

1485-1515 (m)             Benzene ring in aromatic compounds     Ring stretch, sharp band 

 

Hojjati and Rohani[201] measured the concentration of paracetamol in 

isopropanol solutions using an in-situ FTIR device, the wavenumbers ranging 1200-1285 

cm-1 and 1490-1725 cm-1 were associated with the absorption spectrum of paracetamol. 

Fujiwara et al.[202] found very challenging to obtain an accurate concentration 

measurement of paracetamol in water, because of the low solubility and the noise 

imbedded in the FTIR spectra.  They chose peaks at wavenumbers of 1250, 1514 and 

1575 cm-1 for their calibration model. Mitchell et al. and Ó’Ciardhá et al.[84, 143] studied 

the growth kinetics of paracetamol in ethanol solutions in cooling crystallization; 

indicated that the peak of 1517 cm-1 was  sensitive to the changes of concentration and 

temperature (Figure 3.1). 
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Figure 3.1 FTIR spectrum for paracetamol and ethanol solution system 

 

In this project, both paracetamol and 4-aminophenol are measured in solid state 

by an offline FTIR; and their spectrums are compared in Figure 3.2. There are two peaks 

in paracetamol at 1670 and 1540 cm-1 as circled in Figure 3.2 denoting the C=O bond 

stretching and NH deformation, which are different from those of 4-aminophenol. When 

both paracetamol and 4-aminophenol in the solution of dimethyl sulfoxide (DMSO), 

peaks for paracetamol at the wavenumbers of 1670 and 1540 cm-1 (as circled in Figure 

3.3) are distinct from the spectra of 4-aminophenol, while both compounds have a sharp 

peak at 1514 cm-1, indicating the benzene ring stretch. 

Figure 3.2 FTIR spectrums for paracetamol and 4-aminophenol in solid state 
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Figure 3.3 FTIR spectrums for paracetamol and 4-aminophenol in DMSO solvent 

Peak at 1540 cm-1 is chosen to identify paracetamol products, as Peak at 1670 

cm−1 is not suitable because it will be mixed up with peaks of water and acetic acid, as 

shown in Figure 3.4, which were confirmed by similar results in other solvent systems. 

As seen from Figure 3.4, the chosen peak is very small which leads to difficulties in 

measurement. Solvents such as ethanol, acetone, IPA and water were used in order to 

increase the peak height due to the increase of the solubility.  

 

 

Figure 3.4 FTIR spectrum for acetic acid and acetic anhydride compared with that of 

reaction solution 
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When both 4-aminophenol and paracetamol are in either acetic acid or aqueous 

acetic acid solution that is the solvent used in this work, it is again difficult to identify the 

paracetamol peak from the mixture of reaction solutions, as shown in Figure 3.5. The only 

peak of NH bond at 1540 cm-1 is identifiable but is too small to be measured accurately. 

Consequently, the FTIR is not suitable for monitoring concentrations of paracetamol 

during the synthesis when acetic acid is involved.  

 

Figure 3.5 FTIR spectrums for paracetamol and 4-aminophenol dissolved in reaction 

solutions 

3.3.2 UV-vis spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy was employed to identify the product 

(paracetamol) and for quantitative analysis. The work principle for UV-vis is based on 

the interaction of light with materials. A distinct spectrum will be produced when a 

chemical compound absorbs ultraviolet radiations. For paracetamol the UV spectrum 

peaks at the wavelength of 243 nm, increases with increasing paracetamol concentrations, 

as shown in Figure 3.6. However, one of the limitations for the UV equipment is that the 

samples (0.300 ml) taken from reaction need to be diluted 100,000 times which leads to 

a lot of human errors. To investigate the viability of the UV tool, a series of paracetamol 

solution samples were prepared with known concentrations. A linear relationship between 

the height of paracetamol absorption peak and its concentration is obtained. 
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Figure 3.6 UV measurement for reaction samples 

 

The concentration of paracetamol was then analysed by a UV-vis 

spectrophotometer (Hewlett-Packard Model 8453, wavelength range: 190 - 1100 nm) 

based on the characteristic UV absorbance peak at 243 nm. The calibration experiments 

were carried out from six known concentrations of 0, 0.3, 0.5, 0.7, 1.0, 1.3 g L-1. Figure 

3.7 shows the linear relationship of the absorbance value, A, as a function of the 

concentration, C, as: A = - 0.0015 + 0.686 C (g L-1), with a correlation coefficient of 

0.9984. Based on this, the purity of the paracetamol products was calculated and then 

compared with that from the purchased paracetamol.  

 

243 nm 
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Figure 3.7 Calibration curve of paracetamol in methanol solution 

 

3.3.3 HPLC measurement 

High performance liquid chromatography (HPLC) is a technique in analytical chemistry 

to separate, identify and quantify the components in a mixture. The work principle is that 

a pressurized liquid solvent containing the sample mixture is pumped through a column 

filled with specific solid adsorbent materials. Different components will have different 

absorption rates resulting in the separation of components as they flow out the column. 

HPLC is mostly used in research such as separating the components of similar synthetic 

chemicals from each other or detecting a specific compound or impurities in medical 

drugs[203], so it is appropriate to consider the validity of this tool for this PhD work.  

The HPLC in use is the Agilent1100 Series HPLC System and the chromatograph 

column was a reverse phase ZORBAX SB-C8 (4.6×150mm; 5µm packing). The UV 

detector was set at 243 nm and the mobile phase running throughout the system was a 

mixture of methanol and water with a ratio of 1:3.  
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Figure 3.8 Paracetamol standard solution of paracetamol measured by HPLC 

 

Figure 3.8 shows that the peak of paracetamol appears after 5 minutes at a flowrate 

of 0.8 ml min-1, the peak is clean and sharp, indicating that the compounds in the mixture 

were well separated in the column and the viability of this tool is high. Subsequently a 

calibration curve was developed by injecting different but known concentrations of 

paracetamol solution into the column and was shown in Figure 3.9. A good linear 

relationship between the peak areas and concentration of paracetamol, i.e. Concentration 

= (Peak Area – 3.8927) ÷24833, confirms the validity and viability of this tool.  
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Figure 3.9 HPLC calibration curve for paracetamol 

Calibration curves in Figures 3.7 and 3.9 indicate that both UV and HPLC are the 

adequate methods to quantify paracetamol concentrations for offline samples. However, 

compared with UV, HPLC can separate different components and identify impurities in 

mixed solutions. In this project, UV measurement was used for reaction kinetics analysis 

in chapter 4, whereas HPLC were applied for the determination of solute concentrations 

from OBR and COBR in chapter 5 & 6, as well as for analysis of products purity. 

3.3.4 Mastersizer measurement 

     Mastersizer 3000 was used to analyze particles size distributions. The work principle 

is based on laser diffraction. When the beam of laser light is scattered by a group of 

particles, the angle of scattering light is related to particle size, i.e. the larger the 

particle size, the smaller the angle of light scattering. The angular scattering intensity 

is then analyzed to calculate the size of particles which are reported as a volume 

equivalent sphere diameter, as shown in Figure 3.10. 
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Figure 3.10 Crystal size distribution 

 

3.3.5 Polymorphism analysis (X-ray powder diffraction measurement) 

Paracetamol has three polymorphic forms: form I (monoclinic) is the commercially 

marketed product and used as high-dose tablets (300-500 mg), exhibiting poor 

compression ability[114], hence requiring binding agents in tableting process, which adds 

cost to its production. In the contrast, form II (orthorhombic) has much better 

compressibility than form I because of the sliding planes. Form III is very unstable and 

its crystal structure remains unknown, although Arthur[204] proposed a possible structure 

from powder diffraction measurement and theoretical predictions. Burley et al.[205] also 

claimed that the polymorphic form III of paracetamol was isolated using a specially 

designed methodology which is reproducible and reliable. 

Form I is the thermodynamically stable form while form II is metastable under 

ambient conditions[206, 207]. There is enormous interest in the polymorphs of 

paracetamol in the literature, Boldyreva et al.[208] gave a good summary about the 

studies of the thermal properties of the polymorphs of paracetamol using DSC, X-ray 

diffraction, hot-stage microscopy and Roman spectropy, although the interpretations of 
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these observations were not always in a good agreement with each other. Méndez et 

al.[209] obtained paracetamol crystals from a methanol solution using a laminar-flow 

tubular crystallizer apparatus with different flowrates. The photomicrograph of samples 

taken at different times after nucleation showed clearly the presence of both form I and 

II. Mori et al.[210] described a new method for selective crystallization of the metastable 

form of paracetamol by applying ultrasonic irradiation at different frequencies in a 

supersaturated solution. In their research, plate-like (form I) crystals were crystallized by 

stirring while needle-like crystals (form II) crystallized by ultrasonic irradiation at a 

frequency of 28 kHz. In addition, paracetamol Form II crystals were generated 

reproducibly by Lee et al.[4] through cooling crystallization that was followed 

immediately after acetylation of 4-aminophenol coupled with neutralization of acetic 

acid. 

X-ray powder diffraction is a rapid analytical technique to identify a crystalline 

and can provide information on unit cell dimensions. Figure 3.11 is the experimental 

powder X-ray diffraction for monoclinic paracetamol (form I) and orthorhombic 

paracetamol (form II) from Nichols and Frampton’s work[211]. The XRD of paracetamol 

form II crystals from Lee’s research[4] shows a high degree of agreement with the 

theoretical XRD pattern. XRPD pattern of plate-like crystals from Mori et al.[210] well 

matched with that of the Form I, likewise the XRPD pattern of needle-like crystals well 

with the form II; the plate shaped paracetamol crystals obtained in the research of Méndez 

et al.[209] were of form I and the needle shaped crystals of form II. The opposite 

outcomes from different researchers are probably influenced by operational conditions 

during both nucleation and growth processes [4, 51, 52]. 
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Figure 3.11 Experimental powder X-ray diffraction for monoclinic paracetamol (left) 

and  orthorhombic paracetamol (right)[211] 

3.3.6 Differential scanning calorimetry (DSC)  

Thermal analysis is normally used to evaluate changes in thermodynamic 

properties that occur when the material is subjected to heat energy. Changes can be 

observed in the process of melting, dissolving, recrystallization and solid phase 

transformations indicated by endothermic or exothermic peaks. In this PhD work, a fine 

crystal product of a white colour was isolated after filtration, indicating good purity. The 

thermal analysis was carried out for the purchased paracetamol sample as well as for the 

crystals produced from the experiments.  

The procedures are as follows: about 5 mg of a sample was weighted in a 10 µL 

aluminium pan and sealed before mounting it onto the analyser, an empty airtight sealed 

aluminium pan was used as reference. Each sample was subjected to a heat-cool-heat 

cycle, i.e.  from 30 ºC to 230 ºC at a rate to 10 ºC min-1 with a holding time of 10 mins to 

ensure complete melting; then cooling from 230 ºC back to 30 ºC at the same rate with 

20 mins holding time to make sure complete crystallization; the cycle was completed after 

a 2nd thermal ramp up to 230 ºC.  

Compared with the paracetamol from market with a purity of 98.0-101.0%, the 

experimental product has a very close melting point to the purchased one in the heating 

process. There is no extra peak in the DSC data, indicating that the purity of paracetamol 

produced in this work is as high as that of the purchased product.  
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Figure 3.12 The DSC data of paracetamol, (1) Acetaminophen (Paracetamol) from 

Sigma Company, meets USP testing specifications, 98.0-101.0%; (2) Paracetamol from 

the reaction crystallization experiment 

As shown in Figure 3.12 (1), during the first heating step, the purchased solid 

sample gave out a single sharp endothermic melting peak at 175.2 ºC, which showed a 

good agreement with the reported results of 172.3-176.3 ºC[212]. During the second 

heating, two exothermic peaks were seen at 81.7 and 132.8 ºC respectively, followed by 

the melting peak at 163.5 ºC. The first exothermic peak observed at 81.7 ºC suggests that 

the melt mass did not yet recrystallize into solid during the cooling process in the DSC 
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pan, instead remained glassy which was later recrystallized at 81.7 ºC in the following 

heating process[213]. The second exothermic peak at 132.8 ºC was believed to be a 

transition from form III to form II and this was agreed with literature data of 133 ºC[214]. 

The observed melting peak for form II was at 163.5 ºC, agreeing with the results of 160.1-

164.3 ºC from Myrick et al.[212]. 

The very similar thermograms were obtained and shown in Figure 3.12 (2) for our 

experimental product, suggesting that the crystals produced by the reactive crystallization 

had the same polymorph, i.e. monoclinic (form I), as the bought paracetamol and 

subsequently transferred into Form II during the heating-cooling cycle.  

All the melting points of 4 samples from the reactive crystallization at different 

reaction temperatures (section 4.3) displayed a perfect narrow range of melting points 

from 169.3 to 169.7 ºC (see Figure 3.13). This meets the requirement of a melting point 

ranging between 168 ºC and 172 ºC for pure paracetamol in literature[1, 21]. However, 

DSC data could not provide any quantitative analysis for the exact purity of each sample, 

HPLC is therefore employed to fulfil the task. 

 

Figure 3.13 melting point of paracetamol products from the reactive crystallization 
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3.3.7 Particle video microscope (PVM) 

In-situ crystal images, size distributions and counts were obtained by two PVM probes 

(Perdix Ltd) that are installed in the continuous oscillatory baffled crystalliser (see Figure 

6.1 & 6.2). Although in-situ particle images from two positions along COBR can clearly 

be recorded (see Figure E.3 & E.4), the particles size information was not always accurate 

due to the blockages resulted from crystals adhere on the walls of camera as shown in 

Figure 3.14.  Therefore, in Chapter 6, offline microscope and mastersizer were also 

employed, instead of PVM for crystal shape and size analysis. 

 

Figure 3.14 Particle size distribution results obtained from PVM with an image taken 

when camera probe was covered by crystals 
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– Effects of water content and temperature on reaction 

kinetics  

This chapter presents the first set of experimental results on the investigation of the effects 

of water and temperature on reaction kinetics. The entire chapter was published in the 

journal of Chemical Engineering and Processing: Process Intensification, 2018, (131): 

20-26. 

  

4.1 Introduction  

Paracetamol (Acetaminophen) is a widely used analgesic drug[215], traditionally  

manufactured by acetylating 4-aminophenol with a small stoichiometric excess of acetic 

anhydride in an aqueous medium [3, 4, 216]. Many variations in reaction synthesis route 

have since been implemented to enhance productivity and product properties, for 

instance, Baron et al.[2] dissolved 4-aminophenol in hot acetic acid, treated it with carbon, 

filtered it out, the filtrate was further treated with acetic anhydride at 85 °C; Young[1] 

added ammonium hydroxide to increase product purity; Ness and Warner[30] 

hydrogenated p-nitrophenol to p-aminophenol and concurrently acetylated the p-

aminophenol to paracetamol; Caldeira[217] used phosphoric acid as the catalyst. Either a 

precipitation or crystallization step was then used to isolate paracetamol particles under 

limited control, affecting crystal properties [49-51, 195, 218, 219], i.e. two separate unit 

operations are the norm for reactive crystallization.  

In this chapter, the reactive crystallization was treated as a single process for the 

purpose of continuous operation, solubility for crystallization was optimized as the first 

protocol, the concentrations of reactants that deliver the optimized solubility were 

retrospectively determined. By maintaining the targeted ratio of acetic acid to water in 

the reaction that optimizes the solubility, the effects of water and temperature on reaction 

kinetics, mechanism and crystal properties were jointly investigated; these are new from 

previous studies in this area. It is demonstrated that by manipulating reaction conditions, 

the control over crystal properties can be realized. 
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4.2 Chemicals and analytical methods 

4-Aminophenol (Sigma Aldrich UK Ltd.; purity, ≥ 99 % HPLC grade; mp, 187.5 

ºC; MW, 109.13 g mol-1) was sourced in the form of light brown crystalline solid. 

Paracetamol (GlaxoSmithKline Pharmaceutical Company; purity, 99.8 %; mp, 169 ºC; 

MW, 151.16 g mol-1) was purchased for the purpose of comparison with crystals 

produced. 4'-Acetoxyacetanilide (TCI AMERICA; purity, ≥99.0 % HPLC, Nitrogen; mp, 

155 ºC; MW, 193.20 g mol-1) was purchased for the identification and calibration of the 

intermediate product. Acetic anhydride (purity, 99+ % pure; density, 1.08 g cm-3; MW, 

102.09 g mol-1) and methanol (purity, HPLC grade; density, 792 kg m-3; MW, 32.04 g 

mol-1) were also sourced. Distilled water (density, 1 g cm-3; MW, 18.02 g mol-1) was 

prepared in-house. 

The purity of product particles was analyzed using the 

Agilent1100 Series HPLC System, and the chromatograph column was a reverse phase 

ZORBAX SB-C8 (4.6×150 mm; 5 µm packing), as mentioned previously in Chapter 

3.3.3. The UV detector was set at 243 nm and the mobile phase running throughout the 

system was a mixture of methanol and water with a mass ratio of 1:3. The mass 

spectrometry measurement was carried out at the School of Chemistry, the University of 

Edinburgh. The concentration of paracetamol was analyzed by a UV-Vis 

spectrophotometer (Hewlett-Packard Model 8453) based on the characteristic UV 

absorbance peak at 243 nm, as described in Chapter 3.3.2.  

The crystal size distributions were analyzed by a Mastersizer 3000™ (HYDRO, 

Malvern); the polymorphism of crystals by XRPD (Chemistry Department, Heriot-Watt 

University with the scanning range from 5 º to 85 º) and a Leica ATC 2000 Trinocular 

Microscope; the molecule structures of the products by the AV300 Proton Nuclear 

Magnetic Resonance spectroscopy (1H NMR). 

4.3 Experiments procedures 

In the synthesis, paracetamol is produced with acetic acid as a side product, which is also 

the solvent for the following crystallization process. In order to maximize the solubility 

of paracetamol, a range of solubility were examined by mixing acetic acid with various 

http://www.malvern.com/en/products/product-range/mastersizer-range/mastersizer-3000/default.aspx
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water contents at different temperatures. As mentioned in Chapter 3.2. 10 mg of 

paracetamol was firstly weighed in a 10 mL scintillation vial; the solutions of water and 

acetic acid with six different ratios (Acetic acid:Water = 0:10, 3:7, 5:5, 7:3, 8:2 and 10:0) 

were then carefully titrated into the vial by a micropipette with intermittent shaking until 

all solids had been dissolved. The solubility data at temperatures of 20, 35, 50, 65, and 75 

°C were determined in a water bath, and each measurement was repeated three times. The 

solubilities of paracetamol in various solvents were calculated by dividing the weight of 

paracetamol solid over the total weight of solvents added to the vial, from which the 

amounts of reactants required to deliver such solubility in the said ratio of acetic acid to 

water were then back-calculated.  

Once the ratio and the amounts of reactants have been determined, the reaction was 

then proceeded by charging 4-aminophenol (10 g or 0.09 mol), acetic anhydride (35 g or 

0.34 mol) and different amounts of water into a pre-heated 250 ml jacked reactor at 50 

°C and at 200 rpm.  

Figure 4.1 shows the experimental set-up. A turbidity probe was fastened onto a 

thermocouple by means of a zipper, in this way, the probes remained stationary inside the 

beaker during the experimental cycles of cooling and heating. Both temperature and 

turbidity data were collected via a data acquisition system, i.e. NI Compact DAQ USB 

chassis (National Instruments Corp., NI cDAQ-9174), diagram details were given in the 

Appendix. 
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Figure 4.1 Set-up of a reactive crystallization of paracetamol for reaction kinetic study 

The reactor was heated up to the constant desired temperature for the reaction to 

commence. 13 samples were taken at regular time intervals during the reaction process 

using a pipette with an accurate volume of 0.300 ml; quenched and diluted 10,000 times 

with the mobile phase solution (methanol: water = 1:3). The overall reaction time was 

about 60 min. The crystallization was thereafter immediately initiated by cooling the 

solution to 20 °C at a fixed cooling rate of 1.2 °C min-1. A vacuum filtration was 

performed at the end of the crystallization at 20 oC and crystals were washed with distilled 

water and dried in an oven for 24 hours. 

Some specific conditions are outlined below: 

A) Water content effects – water contents of 0 g, 10 g (or 0.55 mol), and 20 g (or 1.11 

mol) were used in reaction at a fixed operating condition of 70 °C and 200 rpm;  

B) Temperature effects – this was investigated by performing the synthesis at four 

reaction temperatures (50 °C, 60 °C, 70 °C and 80 °C) at a fixed water content of 20 g 

(1.11 mol). 
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4.4 Optimization of solubility and determination of reactants contents 

The reaction scheme for the reactive crystallization was shown in Figure 2.4 where acetic 

acid is the main solvent for paracetamol, the solubilities of paracetamol in the mixtures 

of acetic acid and water were measured (Appendix B)and shown in Figure 4.2. It is as 

expected that the solubility of paracetamol increases with temperature. Meanwhile, as the 

ratio of acetic acid to water increases, the capacity of paracetamol dissolution in the mixed 

solvent increases and reaches to a maximum value at Acid:H2O = 7:3, and then declines 

with increasing acid contents.  

In terms of the solubility of paracetamol in water, these range from about 0.009 

to 0.049 g g-1 water for temperatures from 20 °C to 75 °C in this work and are comparable 

with literature data, e.g. from 0.010 to 0.035 g g-1 water for temperatures from 20 °C to 

55 °C[124, 202]; 0.021 g ml-1 water at 30 °C[220]; of 0.017 g g-1 water[87]. Granberg 

and Rasmuson[87] also reported the solubility of paracetamol in acetic acid as 0.083 g g-

1 at 30 °C, which is slightly higher than our data of 0.053 g g-1 acetic acid. Operational 

errors from the gravimetric method might be the main reason for the difference. For 

instance, in the research of Granberg and Rasmuson, the solubility of paracetamol was 

obtained by evaporating solvent of a saturated solution, errors might have resulted from 

the residual solvent tracked in the dried powders, leading to higher values. On the other 

hand, paracetamol solubility in this work was measured by adding drops of solvent to 

dissolve solute of a given mass, errors might have been caused by over-adding of solvent, 

leading to smaller values. All the measured solubility data and standard errors are shown 

in Appendix B.  
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Figure 4.2. Solubility of paracetamol in different ratios of acetic acid to water 

 

As shown in Figure 4.2, the highest solubility occurred when the mass ratio of 

acetic acid to water was at 7:3; the solubility increased from 96.83 to 401.23 g kg-1
solvent

 

with the increasing reaction temperature from 20 °C to 75 °C, the latter was the reaction 

temperature. From the maximized solubility, the amounts of reactants were 

retrospectively calculated based on the reaction stoichiometry. In order to make up the 

desired ratio of 7:3 acetic acid to water, about 14.48 g (0.13 mol) 4-aminophenol should 

theoretically be reacting with an amount of acetic anhydride (36.55 g or 0.36 mol) in the 

250 ml reactor at 75 °C, the extra acetic anhydride is then converted to acetic acid via a 

hydrolysis with water. In practice, however, the mass of crystals generated at the end of 

crystallization was so large that the mixing condition was adversely affected. On balance, 

the contents of 4-aminophenol and acetic anhydride were accordingly reduced by 30 % 

to 10 g (0.09 mol) and 35 g (0.34 mol) respectively; the temperature to 70 °C, this gives 

the best controls over both good supersaturation and better mixing. 

4.5 Results and discussions 

4.5.1 Effect of water content on reaction mechanism 

Water in the paracetamol synthesis generally helps the hydrolysis of acetic anhydride, 

promoting the formation of paracetamol, however, there have been very few studies on 
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the effects of water on reaction kinetics and crystal properties. In this work, the effects of 

water content on reaction kinetics and mechanism were fully examined; 0 g, 10 g (0.55 

mol) and 20 g (1.11 mol) distilled water were added into the synthesis, Figure 4.3 shows 

the profiles of concentrations of paracetamol with and without water. It is clear that the 

rising curve becomes steeper with water and the degree of steepness increases with the 

increasing amount of water. From the general reaction mechanism (nucleophilic addition-

elimination) of paracetamol synthesis[219], on one hand, the lone pair of electrons on the 

amine of 4-aminophenol attacks the C=O bond of acetic anhydride to cause it polarized. 

Nitrogen has then a positive charge but regains electrons by losing a proton. The negative 

charge on the oxygen comes back in to reform the C=O bond. This leads to the other C-

O bond to break and forms acetic acid as a by-product, while paracetamol is the product 

from the amide bond formation process (see Figure C.5 in Appendix). When water is 

added, the hydrolysis reaction between acetic anhydride and water generates H+, these 

free hydrogen ions increase the reactivity in the solution, thus improve the reaction 

performance, as shown in Figure 4.3 that the more the added water, the quicker the level 

off becomes.  

On the other hand, however, the acetic anhydride in excess in this work also leads 

to a reduction of paracetamol, with 4’-acetoxyacetanilide being detected in the solution. 

This can be postulated from the fact that the amount of diacetamate formed in the presence 

of the excess of acetic anhydride is very small and unstable in solution; is quickly 

hydrolyzed until an equilibrium has been reached. The fluctuations of the concentration 

of paracetamol near 10 minutes during the reaction in Figure 4.3 are the clear evidence. 
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Figure 4.3. Concentration of paracetamol with different water contents (Temperature = 

70 °C) 

To understand better the reaction mechanism with the presence of water, the 

samples taken from the reacting solution were analyzed using the LC-MS, Figure 4.4 

shows the chemical structures of paracetamol and diacetamate: the first peak at 3 min is 

the paracetamol molecular with a total density of 152.0647 g mol-1, and the second peak 

at 4.7 min is a diacetamate of 194.0706 g mol-1, the latter is also the molecular weight of 

4’-acetoxyacetanilide. With this knowledge, the reaction scheme for paracetamol 

synthesis with and without water can now be illustrated in Figure 4.5. It can be seen that 

the synthesis of paracetamol (Reaction (1) in Figure 4.5) and the reaction between excess 

acetic anhydride and water (Reaction (2) in Figure 4.5) are the two main reactions. When 

water is absent in the system, diacetamate is formed as a side product (Side reaction in 

Figure 4.5). No reaction (2) occurs without water, excess acetic anhydride then over-

reacts with primary product to form a byproduct. When water is added, the excess acetic 

anhydride is more likely to react with water, rather than to consume the –OH bonds of 

paracetamol molecules. As a result, acetic anhydride is consumed by reaction (2), which 

effectively keeps reaction (3) on the left hand side, thus less byproduct is formed. The 

acetic acid generated from reactions (1) and (2) together with water left in the system are 

the solvent for the follow-on cooling crystallization of paracetamol. 
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Figure 4.4 Sample analysis by LC-MS 
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Figure 4.5 The reaction scheme for paracetamol synthesis with and without water (a, 4-

aminophenol; b, acetic anhydride; c, paracetamol; d, acetic acid; e, water; f, 4’-

acetoxyacetanilide) 

4.5.2 Effect of temperature on reaction rate constant 

From the reaction viewpoint, higher temperature leads to higher reaction rate. In the 

following experiments, reaction temperatures of 50 °C, 60 °C, 70 °C and 80 °C were 

studied at a fixed water content of 20 g (1.11 mol), Figure 4.6 shows the profiles of the 

concentrations of paracetamol as a function of time. It is seen that a common trend with 

an immediate increase in the concentration in the first five minutes of synthesis, then 

quick leveling off. As expected, higher concentrations of paracetamol were obtained for 

higher temperatures.  
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Figure 4.6 Concentration of paracetamol at different temperatures (water content = 20 g) 

The data points in the first 5 minutes were then employed to extract the kinetics 

of the paracetamol synthesis. Because acetic anhydride was added in excess, a pseudo 

first-order reaction was found to be the main reaction kinetics. Although the reaction 

between acetic anhydride and water may also affect reactants, the overall kinetics is 

dominated by that of the slowest acylation step. Based on the limiting reagent of 4-

aminophenol, it becomes: 

rR = −
dCA

dt
= qCA                                                             (4-1) 

where rR  is the generation rate of paracetamol (g L-1 min-1); CA  and CA0  are the 

concentrations of 4-aminophenol at any time and at t = 0 (g L-1) and 𝑞 is the reaction rate 

constant. By plotting ln (
CA0

CA
) vs time, a straight line fit was obtained that confirms the 

order of the reaction; the slope of the trend line is the rate constants, q; Table 4.1 

summarizes the rate constants at various temperatures. Following the Arrhenius equation, 

the activation energy for this reaction was determined as 37.31 KJ mol-1(see Appendix 

Figure C. 2). 
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Table 4.1 Influence of temperature on the rate constant of paracetamol synthesis 

Temperature T (K) Correlation coefficient Rate constant, q (min-1) 

323 0.7903 0.61 

333 0.9733 0.94 

343 0.9947 1.41 

353 0.8645 1.99 

 

Few literature has been found on the kinetics involving 4-aminophenol and excess 

acetic anhydride; one work close to our study involved almost equalmolar reactants and 

a 2nd order reaction kinetics was evaluated with a rate constant of 0.66 ml mg-1 min-

1[217]. It should be noticed that although the reaction between paracetamol and 4'-

acetoxyacetanilide is affected by complex conditions (concentration, mixing, 

temperature, water content, PH and etc.), the reaction kinetics evaluated above is still 

applicable as the hydrolysis step has much faster kinetics and the overall kinetics is 

dominated by that of the slowest step. This is supported by the work of Lee et al.[3] and 

Srabovic et al.[219]. The reaction time in our work is approximately 10 minutes, which 

agrees with the literature results of from 3 to 15 minutes[1, 2, 217].  

4.5.3 Effect of water content on supersaturation 

The mixture of acetic acid and water is the solvent for crystallization after the reaction, 

different amounts of water used in the reaction step affect the solvent compositions as 

shown in Table 4.2, in turn the saturation and solubility. The degree of supersaturation is 

calculated for different water concentrations (see Figure 4.7), according to the solubility 

of paracetamol in these aqueous acetic acid solutions. It is seen in Figure 4.7 that less 

water leads to higher supersaturation, in turn smaller particle sizes. This is expected as 

higher supersaturation favours nucleation. The morphology of paracetamol crystals went 

through from needles to rod-like shape with the increase of water in the synthesis, the 

degree of the agglomerations seems to decrease with the increase of water content (Figure 

4.8). The morphologies in our work are similar to these of previous studies by Sudha and 

Srinivasan [220]and Prasad et al.[221]. The exception is for the crystals on the top left of 

Figure 4.8, these were confirmed as 4'-acetoxyacetanilide particles of high purity by 

NMR. With excess acetic anhydride and in the absence of water in the reaction system, 
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the nucleophilic addition-elimination takes place on both –NH and –OH functional 

groups, 4’-acetoxyacetanilide cannot be hydrolyzed to form paracetamol, as shown in the 

reaction scheme above. In addition, the solubility of paracetamol is much higher than that 

of the side product [87, 221]. In summary, 4'-acetoxyacetanilide is the product from this 

reactive crystallization without water, while paracetamol with the presence of water. Both 

products are of high purities as there is no visible impurity peak shown in the NMR data 

(see Figure 4.13). In addition, 20 g of water content is the best condition for the desired 

crystal polymorph. 

Table 4.2 Solvent compositions with different amount of water after reaction 

Samples Water content Solvent composition (mass ratio)  

(Acetic acid w%) 

S1 0 g (0 mol) Acetic acid : Acetic anhydride = 2 : 9 (no water) 

S2 5 g (0.28 mol) Acetic acid : Water = 226 : 3 (98.69 w%) 

S3 10 g (0.55 mol) Acetic acid : Water = 13 : 2 (86.67 w%) 

S4 20 g (1.11 mol) Acetic acid: Water=7:3 (70 w %) 

 

 

Figure 4.7 The supersaturation and crystal size as a function of water contents 
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Figure 4.8 The effect of water content on crystals morphology 

4.5.4  Effect of temperature on supersaturation 

 

In continuous reactive crystallization, the temperature at the end of reaction will be the 

starting temperature of crystallization. For a constant temperature of 20 °C at the end of 

crystallization, the higher the reaction temperature, the larger the supercooling, in turn 

the supersaturation (see Figure 4.9), the smaller the crystal size. The morphology of 

crystal products at different temperatures is shown in Figure 4.10; no visible change in 

crystal shapes are seen, whereas the mean crystals sizes decreased when the temperature 

increased from 50 to 80 °C. To perform the reaction at lower temperatures while having 

little effect on product quality has both operational and environmental benefits. 

Generally, the crystals from the reaction temperature of 70 °C had uniform morphology 

and better size distribution. 
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Figure 4.9 The supersaturation and crystal size as a function of reaction temperature 

 

Figure 4.10 The effect of temperature on crystals morphology 

4.5.5 Crystal properties 
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acetoxyacetanilide was identified with 0 g and 5 g of water. Paracetamol particles with a 

high purity (~99 %) were made when enough water (≥ 10 g, or 0.55 mol) were present, 

while temperature had little effect on the product purity (see Figure C.6 & C.7 in 

Appendix).  

In general, the variations in shapes among each solvent system are quite similar. 

Non-centrosymmetric growth and crystal shapes in Figure 4.8 and 4.10 agree with 

previous results predicted by steady–state morphologies [222, 223]. Sharp needle shaped 

crystals were observed for the reaction with less water concentration (5 g H2O). Apart 

from the effect of high supersaturation, the presence of by-product is probably another 

reason for the development of needle-shaped crystals. Similar polymorphic forms were 

reported[224], involving aqueous solution containing 4'-acetoxyacetanilide. 

All crystals with water are of form I, see the XRPD patterns in Figure 4.11 which 

are the same with these from Nichols and Frampton[211], while a different X-ray 

diffraction pattern is displayed for the crystals in absence of water; these hexagonal 

crystals are 4'-acetoxyacetanilide. This supports the NMR results (see Figure 4.13). The 

size distribution of paracetamol is shown in Figure 4.12 with D50 = 84.3 µm and is slightly 

broader when compared with the work of Fujiwara et al.[202] in a supersaturation- 

controlled seeded batch crystallization. Agglomerations occurring during the 

crystallization step could be the potential reason for this. It was found that there was less 

agglomerations for reactions with higher water contents, as the polarity of the solvent 

increases with the concentration of water. This agrees with previous study[225, 226] in 

that agglomerates became weaker in more polar solvents.   
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Figure 4.11 Powder X-ray diffractions for purchased and produced paracetamol with 

different water contents 

 

Figure 4.12 Crystal size distribution for paracetamol particles 

5 10 15 20 25 30 35 40 45 50

 

 

2 Theta (degree)

 Purchased

 20g water

 10g water

 5g water

 0g water



87 

 

Figure 4.13 The NMR results for paracetamol product (left) and by-product from 

reaction without water (right) 

 

4.6 Conclusions 

In this work, the reactive crystallization of paracetamol was considered as a single process 

for the purpose of continuous operation. The solubility for crystallization was optimized 

first, from which suitable reagent concentrations were determined. The effects of reaction 

temperature and water content on reaction kinetics and mechanism as well as product 

quality were jointly investigated for the first time; Form I crystals with high purity were 

obtained with the presence of water, and 4'-acetoxyacetanilide without water. The 

understanding gained and the process conditions identified from this work are the basis 

for continuous operation, which is presented and discussed in Chapter 6. 
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 – Effects of solvents and impurity on crystallization kinetics 

This chapter presents the second set of experimental results on the investigation of the 

effects of solvents and impurity on crystallisation kinetics. The entire chapter was 

submitted to the journal of Industrial Engineering and Chemistry Research. 

5.1 Introduction  

As stated previously, paracetamol can be manufactured by acetylating 4-aminophenol 

with a small stoichiometric excess of acetic anhydride in an aqueous medium[3, 4, 216], 

recrystallization step was thereafter added for the purpose of purification[1, 2, 30, 49-51, 

195, 217-219]. Whilst significant progresses have been made to date, reaction and 

recrystallization have commonly been treated as two separate unit operations. Extensive 

work for recrystallization of paracetamol have been reported on cooling[58, 77, 84, 142, 

143, 202, 209, 227, 228] and anti-solvent means[81, 85-89, 229-231]. In recent years, 

continuous crystallization has gained significant momentum as an attractive approach for 

the manufacture of fine chemicals and pharmaceuticals[17, 18], different reaction and 

crystallization conditions for paracetamol were reported[3], however, the effect of 

reaction conditions on crystallization kinetics has rarely been examined. In this work, the 

reactive crystallization of paracetamol was treated as a single process for the purpose of 

continuous operation, the stoichiometric proportions of reactants are determined based on 

the solvent compositions that deliver the optimized solubility for crystallization. By 

comparing nucleation and growth kinetics for different solvents directly resulted from the 

reaction, the effects of paracetamol synthesis on the following crystallization kinetics and 

crystal morphologies are jointly investigated, i.e. the reaction is linked with crystallization 

as a single process, these are new to previous separated studies of either reaction or 

recrystallization.  

5.2 Kinetics  

5.2.1 Nucleation kinetics 

Nucleation kinetics were commonly estimated using the classical Nývlt equation [122-

124] where the nucleation rate (J) is related to the maximum solution supersaturation 
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(∆cmax) and cooling rate (λ). The simplified Nývlt equation links the maximum 

supercooling (ΔTmax) with the cooling rate (λ) as:  

ln(ΔTmax) =  
1 

b
ln λ  

1 

b
ln k + 

1−b

b
ln(

dC 

dT
)                                          (5-1) 

where C is the mole fraction solubility of solute at a given temperature, b and k denote 

the apparent nucleation order and nucleation constant, respectively. It should be noted 

that the value of k depends on the formation of stable nuclei and the growth to visible 

entities, therefore the experimental method for measuring of MSZW can affect the 

nucleation orders. Both of the values for k and b are expected to be independent of the 

method used for nucleation rate measurement. Plotting ln (ΔTmax) vs ln λ displays a linear 

relationship, from which nucleation kinetics can be extracted. However, the limitation for 

the Nývlt approach[126, 127] is that the derivation was based on the assumption that the 

solubility coefficient (dc/dT)   was independent of the saturation temperature T0 (°C),  

leading to concentration-based units for the nucleation rate, in turn complicated units with 

non-sensical physical significance for the nucleation order and constant.  

Recently, a self-consistent Nývlt equation by Sangwal[126, 128, 129] utilized a 

dimensionless maximum supercooling (ΔTmax/T0) with T0 being the initial saturated 

temperature as: 

ln (
ΔTmax

T0
) =  

1 

b
ln λ +

1−b

b
ln(

∆H

RTn
)+ 

1 

b
(ln 

f 

k
) −

1 

b
lnT0                            (5-2) 

where H is the heat of dissolution (KJ mol-1), R the gas constant (J mol-1K-1), Tn the 

nucleation temperature (K) and f the proportionality constant. A linear relationship 

between ln(ΔTmax/T0) and ln λ enables the determination of nucleation order from the 

slope 1/b. The main advantage of Eq. (5-2) over Eq. (5-1) is that the effect of saturation 

temperature T0 on (dc/dT) is included. The Eq. (5-2) is used in this work.  

5.2.2 Growth kinetics  

As mentioned previously, crystal growth kinetics are important in the design and 

development of crystallization processes and many different theories have been employed 
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to facilitate crystal growth mechanisms[51, 132, 134], with fundamental studies on the 

evaluation of growth rates of individual surfaces[140-142, 232]. Various experimental 

measurements and estimations have also been utilized to determine overall mass transfer 

rates under controlled conditions, in turn size-dependent growth rate[3, 65, 84, 86, 88, 

143, 144]. While there is no general accepted method for expressing the growth kinetics, 

crystal growth rate, G (m s-1), in terms of mass deposited per unit time per unit area of 

crystal surface[51] is used in this work as: 

 

G = KG
β

3αρc
(lnS) g                                                     (5-3) 

where KG, ρ and g are the overall mass transfer coefficient (kg m-2 s-1), crystal density (kg 

m-3) and growth order, respectively. The growth rate is related to the level of 

supersaturation in terms of a dimensionless concentration of S, where S = 
𝑐

𝑐∗
, c is the 

concentration in solution (kg solute kg-1 solvent) and c* refers to solubility at the same 

temperature (kg solute kg-1 solvent).  

 

5.3 Experimental section 

5.3.1 Materials  

The chemical compounds used to characterise the kinetics of the reactive crystallization 

in an OBR are the same as those for the investigation of reaction kinetics in Chapter 4. 

5.3.2 Characterization  

As described in Chapter 4, the concentration of paracetamol was analyzed using the 

Agilent 1100 Series HPLC System; crystal size distributions by a Mastersizer 3000™ 

(HYDRO, Malvern); morphologies of crystals by a Leica ATC 2000 Trinocular 

http://www.malvern.com/en/products/product-range/mastersizer-range/mastersizer-3000/default.aspx
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Microscope, crystal surface properties by scanning electron microscope (SEM) and 

crystal polymorphs by Power X-Ray powder diffraction (XRPD). 

5.3.3 Equipment  

Reactive crystallization of paracetamol was performed in a jacketed oscillatory baffled 

reactor (OBR) with an internal diameter of 76 mm and a working volume of 1 L. A baffle 

string consists of 2 orifice baffles with orifice diameter and baffle space of 32 mm and 86 

mm respectively, giving a baffle free area ratio of 0.21. A linear actuator connecting to 

the baffle string delivers different oscillation amplitudes and frequencies. The 

temperature within the OBR was controlled by a water bath (Grant Instruments GP 

200/R2), enabling different linear cooling rates. The metastable zone width was 

determined from turbidity measurements using an online turbidity probe (METTLER 

TOLEDO). The schematic illustration of the OBR is shown in Figure 5.1. 

 

 

Figure 5.1 Schematic of OBR setup 
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5.4 Reagents, solvents and solubility  

Paracetamol is produced by reacting 4-aminophenol and acetic anhydride with acetic acid 

as a side product when water reacts with acetic anhydride in excess, following the reaction 

scheme as shown in Figure 4.5. The same procedures as described in Chapter 4 were used 

here where different amounts of 4-aminophenol, acetic anhydride and water were charged 

into the preheated OBR at 50 °C under oscillation. The reaction was commenced when 

the OBR was further heated up and maintained at 75 °C. Samples were taken at regular 

time intervals using a pipette with an accurate volume of 0.300 ml; and were quenched 

and diluted 100 times with the mobile phase solution (methanol : water = 1:3). The overall 

reaction time was about 40 minutes; after which the crystallization was immediately 

initiated by cooling the solution to 20 °C at different cooling rates. 

Figure 5.2A is the HPLC chromatogram for one of the samples where three peaks 

at retention time of 3.695, 5.193 and 11.286 min correspond to the solvent, paracetamol, 

and 4'-acetoxyacetanilide (PAA) respectively, from which concentrations of paracetamol 

and 4'-acetoxyacetanilide changing with time are obtained as shown in Figure 5.2B. It is 

seen that the concentration of paracetamol increases dramatically in the first 10 minutes 

and then stabilizes at an average value of 65.23 g L-1 before it falls, this is the initial 

concentration for crystallization. The solute concentration continues decreasing thereafter 

as more paracetamol particles are formed during crystallization. It is also seen that the 

generation of the impurity (PAA) via the side reaction (Figure 4.5) is continuous from the 

start, but at a much lower concentration than that of the target compound (Figure 5.2B). 

No visible impurity was observed on product crystals in both HPLC and NMR analysis, 

and a purity of 99 % was achieved. 
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Figure 5.2  (A) HPLC chromatogram showing solvent, paracetamol and 4'-

acetoxyacetanilide (PAA) peaks; (B) Concentrations of paracetamol and impurity 

(PAA) as a function of time 

From the reaction scheme in Figure 4.5, the solvent for crystallization is a mixture 

of acetic acid and water that are directly generated from the reaction step, different ratios 

of which give different solubility as shown in Figure 4.2 with the highest at 7:3 (acetic 

acid : water). In this work, the effects of three acid to water ratios (1:9, 5:5 and 7:3) on 

crystallization kinetics and crystal properties were examined. The amounts of reactants 

(4-aminophenol and acetic anhydride) required to produce paracetamol in any of the 

above solvent ratios were back calculated according to the reaction stoichiometry and 

solubility profile (see Appendix D). This is how the reaction is linked with crystallization. 

Table 5.1 shows the various parameter settings for both reaction and crystallization 

conditions.  

Table 5.1 Experimental conditions used for reactive crystallization of paracetamol 
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5.5 Results and discussions  

5.5.1 Effect of Solvent on Nucleation Kinetics  

Figure 5.3 plots ln (ΔTmax/T0) vs ln λ from Eq. (5.2) for three solvent ratios of 1:9, 5:5 

and 7:3, respectively. It can be seen that the metastable zone width (Tmax) increases for 

every solvent system as the cooling rate (λ) increases from 0.4 to 1.2 °C min-1. At a given 

cooling rate, the lower the ratio of Acid: H2O, the wider the MSZW, indicating that the 

MSZW can be controlled by the solvent compositions resulted from the reaction step. The 

influences of solvents on nucleation kinetics were investigated in recrystallization 

work[126, 233, 234]; the net effect of changing solvent led to an increase of solubility, in 

turn an increase of nucleation rate due to the decrease of interfacial tension between solute 

and solvent on specific faces[233-235]. Nucleation order (b) is highly dependent on the 

solubility of a solute in a given solvent[126]; and is 5.4, 15.5 and 14.1 in this work for the 

three solvents respectively, which are higher than 1.68 for paracetamol in ethanol by 

Mitchell and Frawley[58]; 1.29  6.23 for paracetamol in water by Nagy et al.[124] and 

0.6  3.4 for paracetamol in methanol/water solutions by Ó’Ciardhá et al.[234]. Higher 

nucleation orders in this research are related to higher solubility of the solvents used, 

which leads to different levels of supersaturation. Moreover, agglomeration also 

contributes to high nucleation orders, the effect of which is still difficult to be separated 

using current PAT tools. In this work, agglomeration is mainly caused by high 

supersaturation. Once the nucleation has taken place, agglomerates are formed at a faster 

rate than that for nuclei to grow sufficiently large to be detectable, this gives a high 

nucleation order (between 8 and 20 according to crystallization theory). When 

supersaturation is relatively low, agglomeration is less apparent, leading to lower 

nucleation order, e.g. between 1.5 and 8. This explains the high nucleation orders from 

Figure 5.3. 

 



95 

 

Figure 5.3 Plot of ln (ΔTmax/T0) vs ln λ for three solvent ratios 

 

5.5.2 Effect of solvent on growth kinetics  

In this work, the overall growth rate was determined by plotting crystals size as a function 

of time. Mastersizer was used for crystal size measurements for samples that were taken 

at regular time intervals once nucleation had been observed in the solution. By plotting 

the overall linear growth rate (G) against the supersaturation (
c

c∗
) from Eq. (5-3), Figure 

5.4 shows the increase of the growth rate with the supersaturation for each solvent 

composition. Our data are in the similar order of magnitude, but higher than others of 

recrystallization of paracetamol in various solutions [84, 86, 143, 236]. Reactive 

crystallization of paracetamol in a stirred tank with sodium hydroxide added after the 

reaction step gave the growth rates from 4.04 to 5.64 × 10-8 m s-1 using a sieving 

method[3], which are similar to our data (see Figure 5.4).  

The growth orders (g) were extracted from the power law relationship displayed in 

Figure 5.4 as 4.27, 12.62, and 1.72 respectively for the three solvents. It is seen that there 

is no direct dependence of crystal growth order on the solvent composition. Ó’Ciardhá et 

al. [143] reported that solvent composition, solubility gradient and viscosity all 

contributed to crystal growth machanisms, where solvent ratio may decrease growth rate 

due to the selective absorption of solvent molecules, or enhance face growth rate by 
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causing a reduction in the interfacial tension[237-239], leading to an unclear role played 

by solvent in affecting crystal growth[142, 143]. It should be noted that levels of 

supersaturation in three solutions play an important role during crystallization. For the 

highest supersaturation in the 5:5 solvent ratio, micro nucleus were formed very fast and 

precipitated out of the solution quickly with agglomerations, leading to difficulties in 

sampling and size measurements.  Aggolomerates seen in dry products can also lead to 

wider crystal size distributions. In this project, a high dispersion rate (2000 rpm) for 

particles suspension has been used in Mastersizer to reduce this type of errors caused by 

agglonerates. 

 

Figure 5.4 Comparison of growth rates between this work and previous researches 

The main differences of this work with respect to past papers are that solvent 

compositions for crystallization in this work are directly produced from the reaction step, 

by varying the ratios of reactants (AA : 4-AP) at the start of the reaction, the control of 

supersaturation is achieved, connecting the reaction with the crystallization as a single 

process.  
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5.5.3 Effect of solvent on crystal shape  

The effect of solvent ratios generated from the reaction on crystal shape is shown in 

Figure 5.5. The fairly high values of growth order imply that surface integration resistance 

is critical [51, 134, 240], rectangle column type of crystals is seen at the low ratio of Acid: 

H2O. The columns become longer and thinner as the ratio increases. The crystal shape 

classification diagram by Li and Doherty [222] according to different functional groups 

of solvents also predicted the elongated shape for solvents of class 1 (involving acetic 

acid) and class 6 (water) with aspect ratios of crystals >3. However, higher aspect ratios 

of crystals in this work were generated in solvents of higher dispersive energies, e.g. 

water, this is different from the reported predictions and could be due to the increased 

concentrations of both paracetamol and impurity (PAA). From the SEM graphs (Figure 

5.5), the lengths and diameters of over 30 crystals were measured microscopically, 

leading to the determination of the specific surface factors for crystals as 6.37, 5.31 and 

4.75 for the three solvent systems respectively, which are comparable to 6.27~7.70 for 

rounded hexagonal crystals by Granberg and Rasmuson[144]. 

 

Figure 5.5 SEM measurements for paracetamol crystals in three solvents: (A) Acid: 

H2O = 1:9, S = 1.99; (B) Acid: H2O = 5:5, S = 2.34; (C) Acid: H2O = 7:3, S = 2.04 
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5.5.4 Effect of impurity on crystal shape 

 In the reactive crystallization, the solubility for crystallization (Figure 4.2) is resulted 

from different solvent compositions that are formed by the reaction; the concentrations 

of paracetamol and 4'-acetoxyacetanilide (PAA) are also generated as given in Table 5.2. 

At a constant solvent composition, the increase of the reagent ratio of AA:4-AP decreases 

the concentrations of paracetamol and PAA, leading to different supersaturation for 

crystallization, in turn different crystal morphologies as seen in Figure 5.6, where smaller 

and finer crystals are expected when supersaturation increases. In this respect, the amount 

of impurity (PAA) is related to the supersaturation of paracetamol.  

 

Figure 5.6 Microscope images of paracetamol crystals for different supersaturations at a 

fixed solvent ratio of Acid: H2O = 1:9 

The influence of PAA on paracetamol crystal growth and morphologies has been 

reported[141, 241], the growth rate of the [110] faces was significantly slowed down in 

the presence of PAA due to the largest degree of morphological instability, while the 

effect of PAA on other faces was less[223]. Crystal shapes changed from elongated to 

plate-like when the concentration of PAA decreased from 6.02 wt% to 0 wt%[221], which 

is similar to our data (Figure 5.6). As mentioned above, Figure 5.6 illustrates the effect of 

PAA on paracetamol crystal shapes for different supersaturation conditions. At the same 

solvent ratio, product crystals change from plate-like to elongated, indicating the 
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influence of PAA on crystal growth. PAA molecules can be adsorbed at particular 

positions on paracetamol crystals surfaces, resulting in crystal growth of specific facets. 

Therefore, the morphology of paracetamol particles from different solvent ratios and 

supersaturations was affected as shown in Appendix Figure D.9. This was confirmed by 

purity results in Figure 5.7. 

 

Table 5.2 PARA and PAA concentrations in different solvent compositions by reaction 

 

Some agglomerations are observed (Figure 5.5), with a lesser degree for solvents 

of higher Acid: H2O ratios. Different solvent systems have different polarities due to the 

interactions with H-bonding at crystal surfaces, e.g. polar solvents have stronger 

interactions, reducing the formation of crystalline bridges[225, 226]. For this work, the 

Acid: H2O ratio of 1:9 has the highest polarity, but the degree of agglomeration is also 

high. This is opposite to previous work where agglomeration was found weaker for more 

polar solvents[225, 226]. This could attribute to the fact that the adhesion of the side 

product PAA in solution prevented the association of solvent molecules from depositing 

on crystal surfaces. Depending on the ratios of the starting materials, the concentrations 

of PAA increase with the increase of the ratios of Acid: H2O as shown in Table 5.2. 

 

5.5.5  Purity of crystal products  

The purity of crystal products is plotted as a function of the reagent ratio in Figure 5.7. It 

is seen that the purities are generally high for all three solvents, with the highest purity of 

99.84% at the Acid: H2O ratio of 1:9 for all ratios of AA: 4-AP. Product purity increases 

with the ratio of the starting materials for the Acid: H2O ratios of 5:5 and 7:3. At the same 
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ratio of AA: 4-AP, crystal purity decreases with the increase of the Acid: H2O ratios from 

1:9 to 7:3. This indicates that solvents and PAA molecules are more likely to be adsorbed 

onto crystal lattices at higher solubilities.  This also agrees with the discussion for Table 

5.2, as the concentration of PAA in solution increases with the concentration of 

paracetamol and the Acid: H2O ratio. There are more chances for PAA molecules to get 

into paracetamol crystals lattice particularly for high Acid: H2O ratios, thus leading to 

lower purities of paracetamol products. Figure 5.7 is a useful graph linking crystal purity 

(one of the crystal specifications) with the solvents for the crystallization and the starting 

materials for the reaction step. It is worth keeping in mind that all the product crystals in 

this work are monoclinic, which is polymorph Form I of paracetamol. This is consistent 

with previous published study on the reactive crystallization of paracetamol[242]. 

 

Figure 5.7 Crystal purity as a function of AA: 4-AP ratios for different solvents 

5.6 Conclusions 

When solvent compositions for crystallization are directly produced from the reaction, 

this enables the examination of the dependency of nucleation orders and growth rates on 

solvent compositions; a higher ratio of Acid:H2O at the end of reaction leads to a higher 

nucleation order; growth rates are comparable with previous recrystallization data. Both 
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solvent compositions and reagent ratios are the means for influencing crystal 

morphology: crystals shapes change from column to needle-like with the increase of 

solvent compositions. At a fixed solvent, three reagent ratios of AA:4-AP at the start of 

reaction deliver three supersaturations for crystallization with different levels of impurity, 

affecting crystal morphology and causing agglomerations. 
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– Application of reactive crystallization of paracetamol in a 

COBC 

The reactive crystallization of paracetamol in a COBR is reported in this chapter. Based 

on the kinetic and operational data obtained in batch crystallisers in Chapters 4 and 5, 

continuous synthesis and seeded cooling crystallisation are undertaken, investigations of 

seeding strategy, steady states of concentration and crystal sizes are presented. The entire 

chapter was accepted by the journal of Organic Process Research & Development. 

 

6.1 Introduction 

In industrial batch crystallization, we face the century old chemical engineering problem, 

i.e. mixing gets worse with increasing scales. What one has obtained in labs cannot be 

duplicated in production. The ability of providing a consistent mixing environment and 

superior heat/mass transfer for flow substances[10, 11] at all scales by continuous 

oscillatory baffled reactors/crystallizers (COBR/COBC) can bridge the gap, with an 

additional advantage of implementing online process analytical technologies (PAT)[17] 

anywhere along the length of COBR/COBC. This delivers consistent crystal properties 

and efficient process time, e.g.  a 9 h and 40 min batch crystallization was achieved in 12 

min in a COBC[12]. A seeded cooling crystallization of β-L-glutamic acid was 

successfully operated by Briggs et al.[192] in a DN15 (15 mm diameter) COBC. The 

steady state was achieved constantly after 2 residence times and remained for at least 10 

hours, producing crystals of desirable polymorph and purity. In additional to cooling 

crystallization, anti-solvent[14] and co-crystal crystallization[15] were also carried out in 

COBC. However, few study has been published in continuous reactive seeded 

crystallization, which is the focus of this work. 

Once again few literature can be seen for reactive crystallization of paracetamol 

in a continuous process, the closest one is the work by Agnew et al.[243, 244] who 

reported a selective access to produce metastable solid form of paracetamol in a COBR 

by adding metacetamol as a template molecule. In this work, paracetamol synthesis 
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followed by seeded cooling crystallization were, for the first time, investigated in a COBR 

under different operating conditions.  

6.2 Experimental set up and procedures 

6.2.1 Chemicals and analytical methods 

6.2.1.1 Materials 

The chemicals used in the reactive crystallizations of paracetamol in the COBR are the 

same as those presented in Chapter 4 and Chapter 5. 

6.2.1.2 Characterization 

The concentration of paracetamol from samples taken during reactive crystallization was 

also analyzed using the Agilent1100 Series HPLC System, with the same chromatograph 

column as in Chapter 5. Crystal size distributions, crystals morphologies and 

polymorphism were detected using suitable process analytical tools as mentioned 

previously.  

6.2.2 Equipment 

The reactive seeded cooling crystallization of paracetamol was performed in a DN15 (15 

mm diameter) COBR horizontally orientated, Figure 6.1 shows the geometrical set-up. 

The DN15 COBR consisted of 11 jacketed baffled straight tubes and 6 non-jacketed bends 

wrapped with thermos-sleeves to reduce heat loss. The total length and the volume of the 

COBR were 9.5 m and 1.68 L respectively. A linear motor with a control box was utilized 

to provide oscillation at various frequencies and amplitudes. 

Peristaltic pumps (Watson Marlow 520S) were used to feed reactants and seeds 

from their respective stirred tanks. Water was circulated through the jackets of the COBR 

at preset temperatures by 3 water baths (GP 200) in order to establish three temperature 

zones (showing as different colours and line widths in Figure 6.2) for reaction and 

crystallization. Six thermocouples (T1 – T6 in Figure 6.2) were employed to record the 
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temperature profiles of the operation. The temperature of seed suspension was controlled 

and maintained by a separate water bath to achieve the required supersaturation. The 

tubing connecting the seed suspension with the COBR was properly insulated to ensure 

the correct seeding temperature.  During operation, samples were taken at 3 sample points 

(see Figure 6.2) at regular times where sample point 1 was located at the end of reaction 

to monitor and confirm the completion of the reaction, points 2 and 3 were located in the 

crystallization section for the characterization of crystals. 

 

Figure 6.1 A photo showing the set-up of COBR 
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Figure 6.2 Schematic of the COBR platform for the reactive seeded cooling 

crystallization of paracetamol 

 

As mentioned in Chapter 2.3.2, the mixing performance in COBR can be 

characterized by three dimensionless groups: the oscillatory Reynolds number (Re0) , the 

Strouhal number (St) and the net flow Reynold number (Ren) which are defined by the 

following equations[166, 245]: 

Re0 =
x0ωD

ν
                                                               (6-1) 

St =
D

4πx0
                                                                 (6-2) 

Ren =
ρuD

μ
                                                              (6-3) 

where x0 is the amplitude of oscillation from centre to peak (m), 𝜔(= 2𝜋𝑓) the angular 

frequency (rad s-1), f the linear frequency (Hz), D diameter of column (m) and 𝜈 kinematic 

viscosity of the fluid (m2 s-1), ρ the fluid density (kg m-3), μ dynamic viscosity of the fluid  

(Pa.s)  and 𝑢 the mean velocity (m s-1). The oscillatory Reynolds number measures the 
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oscillation, and the Strouhal number represents the ratio of column diameter to oscillatory 

amplitude, which determines the length of eddy propagation.  

6.2.3 Procedures 

Paracetamol was produced by reacting 4-aminophenol and acetic anhydride, acetic acid 

was a side product when water reacted with the acetic anhydride in excess. At the start, 

the premixed 4-aminophenol and water from feed tank 1 was pumped through the COBR 

by pump 1 (Figure 6.2) at a high flow rate in order to get rid of any bubbles. Once degas 

has been done, the flow rate was reduced to an operational rate (Table 6.1) and oscillation 

was switched on, while the circulation continued. The purpose of circulating the mixture 

was to establish the three temperature zones shown in Figure 6.2. Once the temperature 

zones have successfully been set-up, acetic anhydride from feed tank 2 was introduced at 

a specific flow rate by pump 2 into the COBR where the temperature in this section of 

COBR was now at 75 °C. The reaction proceeded when the reactants were mixed and 

dissolved at the 1st bend and 2nd straight tube of COBR. Crystallization took place after 

the completion of the reaction, seed solution was fed into the COBR by pump 3 at a preset 

rate and at 50 ºC just before the reacted mixture has reached the seeding point. The outlet 

of the crystallization was collected in a product tank (not shown in Figure 6.2). 

The shut-down procedures involve replacing the reactant feeds by water; stopping 

the seed pump before water has reached the seeding point; increasing the temperature of 

the whole COBR to 70 ºC that dissolves any residues in the system. After a certain time, 

the flow rate of water was increased and the temperature control switched off, COBR 

returned to room temperature and ready for next run. The operation conditions tested in 

this work are summarized in Table 6.1.  

Table 6.1 COBR operation parameters 

AA flow  

(g min-1) 

4-AP/H2O flow  

(g min-1) 

Main flow 

 (g min-1) 

Seed flow 

 (g min-1) 

Residence time  

(min) 

4 36 40 10 40 
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Sample preparation. Solution samples were taken at regular time intervals using a 

pipette with an accurate volume of 0.400 ml; and were quenched and diluted 100 times 

with the mobile phase solution (methanol:water = 1:3). Solid samples were collected by 

a syringe and immediately filtered and washed before drying in an oven at 40 ºC 

overnight. Dried particles were then moved to a desiccator to cool down and weighted 

until constant mass. 

Seed preparation. Seeds were prepared using a blender and the mean size of seed crystals 

was measured by Mastersizer as 92.3 µm (Figure 6.3).  

 

Figure 6.3 Particles size distribution of seed crystals 

 

The determination of seed mass and the effect of seed mass on the sizes of final 

crystals are discussed later in details. 

Supersaturation (S). In this work, the level of supersaturation is expressed in terms of 

the supersaturation ratio (S) defined as  

S = 
c

c⋆
                                                                   (6-4) 

where c is paracetamol concentration in solution, c⋆ is equilibrium concentration in 

solution. 
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Operation conditions. A series of experiments were carried out in the COBR for the 

reactive seeded cooling crystallization of paracetamol. Table 6.2 summarizes the 

conditions.  

Table 6.2 COBR operational conditions 

  

Expt. 
  
Runs  

Frequency

, f (Hz) 

Amplitude

, 2x0 (mm) 
Reo 

Ren 
St 

Reaction Crystallization 

COBR-1 

1 1 26 1225 57 71 0.09 

2 1 26 1225 57 71 0.09 

3 1 26 1225 57 71 0.09 

COBR-2 

1 1 30 1413 57 71 0.08 

2 1 30 1413 57 71 0.08 

3 1 30 1413 57 71 0.08 

COBR-3 

1 1 35 1649 57 71 0.07 

2 1 35 1649 57 71 0.07 

3 1 35 1649 57 71 0.07 

COBR-4 

1 0.7 30 989 57 71 0.08 

2 0.7 30 989 57 71 0.08 

3 0.7 30 989 57 71 0.08 

COBR-5 

1 1.2 30 1696 57 71 0.08 

2 1.2 30 1696 57 71 0.08 

3 1.2 30 1696 57 71 0.08 

COBR-6 

1 1.5 30 2120 57 71 0.08 

2 1.5 30 2120 57 71 0.08 

3 1.5 30 2120 57 71 0.08 

 

6.3 Results and discussion 

6.3.1 The reaction zone 

The reaction was started once the two feeds of the reactants were met in the first straight 

tube as shown in Figure 6.2; was completed just before the sample point 1 where the 

temperature of the reaction zone (marked in thick red line in Figure 6.2) was maintained 

at 75 ºC. The solvent for the subsequent crystallization was a mixture of acetic acid and 

water with an Acid: H2O ratio of 1:9. The amounts of reactants (4-AP and AA) required 

to deliver the above ratio were back calculated according to the reaction stoichiometry 
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and solubility profile[242]; their flow rates were subsequently determined to ensure a 

required residence time of 40 mins for both reaction and crystallization. More details on 

calculations of the concentrations of starting materials and flow rates can be found 

elsewhere[242] as well as in Appendix D2. HPLC analysis for samples taken at the 

sample point 1 have confirmed that the reaction was completed, the concentration of 

paracetamol was approximately stable (see Figure 6.7) where no peak for reactants was 

seen in the chromatogram, i.e. about 100% of conversion was obtained (see Appendix 

Figure E.5). 

  

6.3.2 Effect of seed loading 

For successful crystallizations in COBR, correct seeding structure is one of the most 

important and useful methods for preventing uncontrolled nucleation and the subsequent 

encrustation from taking place and for focusing growth on seed crystals[51, 110, 192].  

Such a structure involves a correct combination of both seed size and seed loading. Seed 

size is fixed in this work, as shown earlier. 

A great amount of work on seeding has been carried out in batch processes [103, 

246, 247], the methodology of which could be applied to continuous crystallization. The 

seed loading, Cseed (%), is defined by Eq. (6-5) as the ratio of the mass of seed, Wseed (g), 

over the maximum theoretical yield, Wtheo (g)[104, 247]: 

Cseed =
Wseed

Wtheo
                                                             (6-5) 

where Wtheo can be calculated from the solubility data. For an un-agglomerated growth 

only model, nucleation is totally suppressed by seeds, there is neither agglomeration nor 

breakage in crystals, in addition crystal shape does not change during the entire process. 

Based on these assumptions, the number of seed crystals (Ns) can be assumed to be 

conserved and the crystal morphology (represented by the shape factor constant, F) does 

not change. Given crystals with a characteristic size of Ss (µm) for seeds and Sip (µm) for 

the ideal product crystals, the ratio between the final mass of crystals and the mass of 

seeds becomes: 
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Wf

Wseed
=

FNsρsSip
3

FNsρsSs
3 = (

Sip

Ss
)3                                       (6-6) 

 

where ρs is the density of solid crystal (g ml-1). The final mass of crystals produced, Wf 

(g), is a sum of the seed mass, Wseed (g), and the theoretical yield, Wtheo  (g) as: 

 Wf = Wseed + Wtheo                                                    (6-7) 

Rearrangement and substitution of Eq. (6-5) and Eq. (6-7) into Eq. (6-6) yields: 

 

Wf

Wseed
=

WtheoCseed+Wtheo

WtheoCseed
=

1+Cseed

Cseed
 

                                   

(6-8)

 

By equating and rearranging equations (6-6) and (6-8), we have: 

Sip

Ss
= (

1+Cseed

Cseed
)1/3                 (6-9) 

 

As a result of Eq. (6-9), the ideal characteristic size of the product crystals, Sip 

(µm) can be calculated when the mean size of seed crystals Ss (µm), and the seed loading, 

Cseed (%), are known. The relationship of the ideal normalized product size (Sip/Ss) can 

graphically be represented as a function of the seed loading/mass, as shown in Figure 6.4. 

The solid line in the seed response curve represents the effect of seed loading on 

the normalized product size; a decrease in the normalized product size is seen with 

increased seed loading. This is because the theoretical mass of crystals produced could 

consist of either numerous small crystals or fewer large ones, each seed crystal grows to 

a smaller final size than if there were fewer seeds at the same supersaturation, thus the 

increase of the seed loading in Figure 6.4 leads to the increase of the number of crystals. 

This trend was also reported for adipic acid – water systems[103], potassium alum – water 
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systems[247] and ammonium aluminium sulphate –water systems[246] in a batch stirred 

tank crystallizer (STC). 

The seed response graph is also a very useful means for assessing seeding strategy, 

as the seed response curve itself represents the growth-dominated mechanism. Above the 

curve is associated with normalized product sizes being larger than the ideal values, in 

order to maintain such crystal growth this region is facilitated by non-encrustation; below 

the curve is the area where the final normalized product sizes are smaller than Sip/Ss , two 

phenomena can contribute to this, either the occurrence of primary nucleation leads to 

massive small crystals without control or insufficient seed crystal surfaces for the solute 

material to grow on, solute molecules move to the reactor walls, leading to severe 

encrustation and blockage when seeds of larger sizes are combined with smaller seed 

loading[60]. To investigate the effect of seed loading on the final crystal products in this 

work, three seed loadings (10, 15 and 20 w/w %) were utilized in this work at a fixed seed 

size. The normalized actual product sizes (Sp/Ss) are the diamond symbols in Figure 6.4, 

where Sp refers to the actual size of final products (average of 5 measurements).  

 

Figure 6.4 Seed response curve and actual product/seed ratios in COBR with a mean 

seed size of 92.3 µm 
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Blockages were dominant when the seed load was 0 % and 5 % in this work, the 

problem was solved by increasing the seeding load up to 10%, no encrustation was 

observed after running for 6 residence times (see Appendix Figure E.1B). Crystallizing 

slurry was mixed uniformly in tubes and the temperature/supersaturation control ensures 

sufficient crystal growth. Three regions along the COBR were set for the dissolution and 

mixing of reactants; the reaction region and the seeded cooling crystallization region 

(Figure E.1C). Product samples were collected at sample point 3 after 2 residence times: 

slurry samples were filtrated and washed before drying in the oven, whereas filtrates were 

analysed by HPLC measurement to track and confirm steady states. 

When the seeding load increased from 10 % to 20 % in the continuous operation, 

the sizes of final products were 485, 453 and 412 µm respectively, giving the values of 

Sp/Ss of 5.25, 4.91.and 4.46, showing in the region above the seed response curve (Figure 

6.4). Based on the above, seed loading of 15% was selected for experiments in this work. 

Accordingly, neither encrustation nor blockage was observed in the COBR for over 6 

residence times that were the longest running time undertaken in this work.  

The practical means of calculating seed mass is as follows. The theoretical solid 

mass concentration was 34.73 g kg-1 in this work when the temperature decreased from 

75 ºC to 35 ºC, according to the solubility data[242]. Combining with the flow rate data 

in Table 6.1, the value of Wtheo was calculated as 1.389 g min-1 by Eq. (6-10). 

Consequently, the solid concentration for seeding solution was 20.84 g kg-1. To prepare 

this, 57.95 g paracetamol solid was added into 1 kg solvent (Acid: H2O = 1:9 w/w) as the 

solubility of paracetamol was 37.11 g kg-1 at 50 ºC[242]. 

Cseed =   
seed concentration ×Fseed

crystal products mass concentraton×Fmain
  × 100 %           (6-10) 

where Fseed (g min-1) and Fmain (g min-1) are the flow rates of the seed suspension and the 

solution, respectively. 

The fact that the actual product crystal sizes are larger than that predicted by the 

un-agglomerated growth model in Figure 6.4 suggests the existence of agglomeration, 

although the degree of agglomeration is difficult to estimate, as this would require data 

of breakage of crystals as well as crystal shape. Nevertheless, the agglomeration is 
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confirmed by macroscopic and SEM images in Figure 6.6 & 6.9. Briggs et al.[192] 

reported similar results in seeded crystallizations of β-L-glutamic acid in a COBR, 

indicating that the decrease of the number of seed crystals was caused by agglomeration 

among seed crystals.  

 

6.3.3 Metastable zone width and operational path 

Figure 6.5 shows the measured paracetamol concentrations at sample point 1 (after the 

reaction) and 3 (at the end of crystallization) superimposed with solubility and metastable 

zone width obtained previously[242, 248] . The concentrations of paracetamol at point 1 

are almost the same, this is as expected due to the same ratios of starting materials and 

the same feeding flow rates in the reaction step. It can be seen that the solution was 

supersaturated post reaction at the sample point 1 at 75 ºC, the solution concentration 

decreased after the seeded crystallization, all within the metastable zone and close to the 

solubility curve. The three data points at each of the sampling locations were obtained at 

a fixed oscillation frequency, but different amplitudes. It is clear that the higher the 

oscillation amplitude, the lower the solution concentration, in turn the higher 

supersaturation for nucleation and crystal growth. This is expected as an increased mixing 

enhances energy dissipation and turbulence in the system[165, 171], a solution of which 

is closer to its solubility curve[51]. 
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Figure 6.5 Solubility, metastable zone and crystallization path measurened 

gravimentrically in a solvent ratio of Acid : H2O = 1:9[242, 248] Open symbols – 

concentrations after crystallization. Close symbols – concentrations just post reaction 

The data of runs COBR 4 – 6 (Table 6.2) were obtained at a fixed oscillation 

amplitude but varying frequencies. Figure 6.6 shows the effect of oscillatory Reynolds 

number on the average size of crystal products; particle size decreased from 527 µm to 

about 364 µm for Re0 from 989 to 2120. The trend of this work agrees with that by Lawton 

et al.[12] where oscillation frequency/amplitude had a similar effect on crystal size 

distributions. The shape of final crystals in this work were of column/plate like, the length 

of crystals was reducing with the mixing intensity. While agglomerates existed in all 

products, high mixing intensities can reduce the degree of agglomeration, which can 

affect the size measurements via Mastersizer. Moreover, attrition due to fragments of 

parent crystals was more likely to occur at higher mixing intensity during crystal growth. 

Multiple attrition mechanisms deduced in previous literature[249, 250] suggested that the 

fragments most likely formed by chipping and shattering could affect the whole size 

distribution. This can explain the slope change in the decreasing size with Re0 (see Figure 

6.6) showing the effect of mixing is more obvious at lower Re0.  
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Figure 6.6  (up) the effect of oscillatory Reynolds number on crystals size; (down) 

images of crystal products under different mixing intensities 

6.3.4 Steady state and crystal properties 

For a batch crystallization process, the entire batch is cooled from a starting to an end 

temperature in a temporal domain. For a continuous process, however a very small 

fraction of solution is passing through pre-set temperature zones in a spatial domain; 

solution concentrations and crystal sizes measured at two different locations along the 

COBR enable the determination of spatial steady states, the rate of supersaturation 

consumption and local crystal growth rate. Solution concentrations and crystal sizes 

measured at different times in the same location in COBR allows the determination of 
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temporal steady states. In this work, samples were taken at three sampling points 1-3 

along the COBR after 2 residence times as shown in Figure 6.2 and these concentration 

profiles as a function of time are displayed in Figure 6.7. Firstly, the concentration 

decreased from C1 to C3, verifying the correct operational path. Secondly the temporal 

steady states of concentration C1, C2 and C3 are clearly seen in Figure 6.7 where the 

difference in concentrations over different times is very small. Note that there is a tiny 

time delay at the start for C3 compared to C2 due to its location away from the feeding 

point. The spatial steady states of concentration can be assessed by the differences 

between C1 and C2, C1 and C3, C2 and C3, have also been achieved due to constant 

difference over time. This indicates that crystallization occurs when the reacted solution 

flows from sample point 1 to point 2, and paracetamol particles keep growing while 

moving from point 2 to 3. 

 

Figure 6.7 Concentration profile of C1-C3 in the COBR. Trend lines show the temporal 

steady state of solute concentration, constant distances between trend lines indicate the 

spatial steady state 
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Figure 6.8 Size measurement for particles taken at sample point 2 and 3, trend lines 

show the temporal steady state of crystal size, constant distance between trend lines 

illustrates the spatial steady state. 

Figure 6.8 shows the profile of mean particle sizes over time at sampling points 2 

& 3. Crystal sizes increase from 350.95 µm at point 2 to 419.17 µm at point 3 extracted 

from SEM images in Figure 6.9. The temporal steady state was generally achieved with 

small fluctuations observed for particle sizes over time. Similarly, Brown et al.[14] 

reported both temporal and spatial steady states for solute concentrations in an anti-

solvent crystallization of salicylic acid in a COBR, however, the temporal steady state for 

crystal size was unattainable due to the unstable flow rates, while spatial steady state in 

crystal size was obtained. It should be noted that, although Figure 6.9 shows crystal 

growth for individual paracetamol particles, agglomerates are found in most of solid 

products. In that case, both crystal growth and agglomeration have contributed to the 

increase of particle sizes shown in Figure 6.8. 

 

The constant increase in crystals size between the two locations denotes that the 

spatial steady state was attained. Given a fixed distance of 1.7 m and the flow rate of 50 

g min-1, the local crystal growth rate between the two locations is calculated as 1.89 × 

10-7 m s-1 for the supersaturation ratio of 1.10. This is comparable with previous literatures 

on paracetamol growth kinetics [84, 86, 143, 236]. If we assume a linear relationship 

between supersaturation and crystal growth[51], the overall growth rate would be 3.14 × 
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10-7 m s-1 for the global supersaturation of 1.82 in this work. Although the level of 

supersaturation is a bit higher than previous studies, the growth rate is comparable with 

results of Mitchell et al.[84] and Worlitschek [238] of paracetamol in ethanol. The crystal 

growth rate for a reactive unseeded cooling crystallization of paracetamol in a batch OBR 

was 4.30 × 10-7 m s-1 under a similar supersaturation (S=1.91)[248], the higher value for 

the unseeded process indicates less control over crystal growth rates. An overall growth 

rate of 6.36 × 10-7 m s-1 was reported for antisolvent crystallization of paracetamol, which 

is also higher than our data of cooling crystallization[65]. 

 

By assuming that the local growth rate is fully fueled by the consumption of the 

driving force (supersaturation)[51], the growth rate constant, k, was evaluated as 5.74 × 

10-5 kg m-2 s-1, which is lower than 3.7 ×  10-4 kg m-2 s-1 for the reactive unseeded 

crystallization of paracetamol in an OBR[248] . This is likely attributed to the utilization 

of seeds for controlling the growth rate.  

 

 

 

Figure 6.9 SEM images for particles taken at sample point 2 (left) and 3 (right), 

showing crystals growth along COBR 

In general, SEM images of crystal products in the COBR in Figure 6.9 display 

elongated column shapes, which is the same as that in an OBR at the same solvent 

composition[248].  
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The XRD results for particle products are shown in Figure 6.10. It should be noted 

that different intensities (the vertical axis) are observed and compared with those of 

paracetamol products from OBR operations (see Figure 4.11). For paracetamol form I, 

there should be a peak with a high intensity (100) at about 24.37º and two peaks with 

intensities of 68 and 62 at 18.18 º and 23.48 º respectively[211, 251]. However, the latter 

two peaks are very small for the products made in the COBR (Figure 6.10 & Figure E.8). 

This indicates that the particles produced in COBR are either not of form I or a mixture 

of two polymorphs. Moreover, peak intensities at 12 º and 14 º are varying among 

different samples over time (see Appendix Figure E.8), highlighting the effects on crystals 

size and morphology. Research on paracetamol polymorph transformation in COBR can 

be an interesting topic for future study. 

Crystals obtained from COBR were analyzed by HPLC, giving an average purity 

of 99.96% from 8 samples taken at sample point 3 (see Appendix Figure E.6). 

 

Figure 6.10 PXRD data for paracetamol particles produced in this work as well as 

purchased paracetamol (Form I) and possible impurities of 4-aminophenol and 4'-

acetoxyacetanilide from previous study[242] 
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6.4 Conclusions 

For the first time, a reactive seeded cooling crystallization of paracetamol was 

successfully carried out in a COBR. The seeding strategy of three seed masses (10, 15, 

and 20 %) at a fixed size was investigated in this work, enabling smooth and encrustation 

free runs with the crystallization path close to the solubility curve. Crystal agglomeration 

was also assessed by comparing the ideal to actual normalized product sizes. The effect 

of mixing intensity on crystal properties was discussed, crystals size reduced with the 

increase of Reo number. By analyzing the concentrations and crystal sizes at two locations 

along the COBR, both temporal and spatial steady states in concentration and size were 

attained. The local growth rate was found to be 1.89 × 10-7 m s-1 when crystals flowed 

from point 2 to point 3, with the predicted overall growth rate as 3.73 × 10-7 m s-1 for a 

global supersaturation of 1.82. Crystals of polymorphic form I were continuously 

generated with an average purity of 99.96 %. 
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 – Conclusions and recommendations for future work 

This chapter presents the summary of conclusions reached in previous chapters for this 

PhD work. Suggestions for future study are also put forward. 

7.1 Conclusions 

The reactive crystallization of paracetamol is considered as a single process for the 

purpose of continuous operation. The solubility for crystallization was optimized firstly, 

from which suitable reagent concentrations were determined. As in a single process, 

solubility for crystallization in the reactive crystallization of paracetamol is controlled by 

the solvent compositions that are directly produced in the reaction step. 

The effects of reaction temperature and water content on reaction kinetics and 

mechanism as well as product quality were jointly investigated for the first time.  

 Higher reaction rate constants for paracetamol synthesis are obtained for higher 

temperatures; 

 Form I crystals with high purity are obtained in the presence of water, and 4'-

acetoxyacetanilide without water. The presence of water can consume acetic 

anhydride, inducing the side reaction to the left hand direction. Thus more 

paracetamol can be formed instead of byproduct. 

 

The dependency of nucleation orders and growth rates on solvent compositions 

was examined in an OBR:  

 The nucleation orders for the three solvent systems used in this work are 

comparable, but higher than published data. A higher ratio of Acid: H2O led to 
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a higher nucleation order; growth rates are comparable with previous 

recrystallization data;  

 Both solvent compositions and reagent ratio are the means for influencing 

crystal morphology: crystals shapes change from column to needle-like with the 

increase of solvent compositions. At a fixed solvent, various supersaturation 

levels generated from different reagent ratios of AA: 4-AP also led to the similar 

changes to crystal morphologies.  

It is demonstrated that the reagents and solvents from the reaction step are the 

means for controlling and delivering required crystal properties. Agglomerations are 

observed in the solvent of a low Acid: H2O ratio and are likely influenced by the impurity 

PAA on crystal particles. 

Finally, based on the above researches on reaction kinetics and crystallization 

kinetics under different conditions, this PhD work reports, for the first time, a reactive 

seeded cooling crystallization of paracetamol successfully carried out in a COBR. Effects 

of mixing intensity on crystal properties are discussed, crystals size reduces with the 

increase of Reo number.  

The seeding strategy was also investigated and a seeding map was established, 

with the correct combination of seed size (fixed in this work) and seed mass (10, 15, and 

20 %), smooth and encrustation free runs are undertaken following the crystallization path 

close to the solubility curve.  

Both temporal and spatial steady states in concentration and size are attained by 

analysing the concentrations and crystal sizes at two locations along the COBR. The local 

growth rate is found to be 1.89 × 10-7 m s-1 when particles flowed from point 2 to point 

3, with the overall growth rate predicted to be 3.73 ×  10-7 m s-1 under a global 

supersaturation of 1.82. Particle products are continuously generated in polymorphic form 

I with an average purity of 99.96 %. 
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7.2 Recommendations for future work 

Based on this PhD research, some recommendations for future work are outlined below: 

 Effects of solvent compositions and impurity on nucleation and growth kinetics 

could further be investigated combining the single crystal x-ray diffraction 

(SXRD) method. As known from this work that different reaction conditions 

generate different crystal morphologies, the growth rate for different crystal faces 

could be obtained and the information of interactions between solvent molecules 

or impurity on crystal surfaces can be collected. Thus the mechanism of adsorption 

of non-target molecule onto crystal lattice could more clearly be understood. 

Moreover, this can provide valuable information on polymorph transformations in 

such continuous system. For instance, Agnew et al.[243] produced paracetamol 

form II crystals in a COBR using a structure-related chemical, metasetamol, as a 

template molecule. The form II crystals give a block-like morphology which is 

different with previous literatures[209, 252] who reported that a block-like 

morphology was form I and a needle/elongated habit was form II. This illustrates 

that when the template forces the change of the polymorphic form, other crystal 

habits such as morphology will also be affected. Potential opportunities for other 

structure-related chemicals like PAA in this work should be investigated in 

conjunction with polymorph transformations. 

 Reactive antisolvent crystallization is another area of research for future study. 

This requires solubility data of the product compound in both reaction solution and 

a proper anti-solvent. Similarly, reactive co-crystallisation could also be another 

research subject for investigation. 

 The self-consistent Nývlt-like equation from Sangwal[126] provided a linear 

relationship between the intercept and initial saturated temperature T0. For a 

specific solvent, the activation energy for crystals nucleation could be obtained 

from the slope by plotting intercept against different initial saturated temperatures. 

The value of T0 in this work could be controlled by changing the ratio of AA/4-AP. 
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Thus more information on continuous reactive crystallization of paracetamol in 

COBR can be obtained.   

 In this work, only one seed size was used, effects of seed size, seeding point or 

temperature on crystal properties should be investigated, leading to a more 

complete seed map.  

              In addition, there are three temperature zones in total in the COBR research, 

only two of which are applied for the cooling crystallization step. More 

temperature zones can be setup to minimise any sudden temperature drop between 

reactor walls and the jacket, therefore to reduce any potential encrustation 

phenomena during crystallization.  

 More in-situ process analytical technologies could be applied to the reactive 

crystallization process. While off-line HPLC and Mastersizer were employed in 

this research to monitoring solute concentrations and crystal size, errors might be 

induced in the sample preparation step. In-situ measurement could be more 

efficient and accurate for real-time operations, such as the focused beam 

reflectance measurement (FBRM) for tracking the changes of particle counts and 

online HPLC for measuring solute concentrations. In achieving that, a closed loop 

control system could possibly be established by using real time feedback from 

PATs, which in turn helps to control and monitor the operating conditions by 

gradually adjusting a few parameters such as cooling rate and mixing intensity.  

 Paracetamol was chosen as a model compound in this work due to its significant 

application and simple operation requirements. From the comprehensive list of 

potential recipes in the Appendix (Table A.1 and Table A.2), other compounds of 

small as well as large molecules should be tested to enlarge the applicability, 

reliability and capability of the systems. 

 The work conducted so far involved the reaction and crystallization steps, the final 

products were collected into a product tank without separation. In the future, the 

outlet of COBR can be connected to a continuous filtration/drying device where 
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crystal products are directly filtrated, washed and dried. These would enable more 

feedback of crystal properties, and in turn better control.  

              Furthermore, the recycling of mother liquor would enhance yield, would also 

allow monitoring of overall concentrations of both paracetamol and side product. 
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Appendix A-Potential chemicals for a reactive crystallization 

Table A.1 List of pharmaceutical chemicals of small molecular weight for a reactive crystallization 

Chemical[5, 6, 93, 

95, 96, 129, 215, 253-

257] 

Molecular 

Weight 

(g/mol) 

Application Reaction 
Reaction 

time 

Reaction 

temperature 
Solubility 

Theoretically 

yield 
Feasibility 

Aspirin 180 Analgesic and 

antipyretic 

 

 

10-20 

min 
70-75°C 3.3g/L(20ºC), 10g/L(37ºC), 80% √ 

Paracetamol 151 Analgesic and 
antipyretic 

 

 
20-30 
min 

80°C 
12.78g/L (20ºC), 14g/L (25ºC), 17.4g/L 
(30ºC), 50g/L (100ºC) 

74.6% √ 

Benzoic Acid 122 

Expectorant, 

analgesic 

Treat fungal skin 
diseases 

 

 
20 min 25°C 

1.7 g/L (0 °C), 2.7 g/L (18 °C), 3.44 g/L 
(25 °C), 5.51 g/L (40 °C),  

21.45 g/L (75 °C), 56.31 g/L (100 °C) 
90% √ 

L-glutamic Acid 147 
Decrease or prevent 

nerve damage caused 

by anticancer drugs 

 

 
15min 80°C 

7.2g/L (20 °C), 8.8g/L (25°C), 15.1g/L 
(40°C), 31.7g/L (60°C), 66.6g/L (80°C) 

91% √ 

Nicotinic Acid 
(Niacin) 

123 

treat niacin deficiency 
(pellagra) 

lower cholesterol and 

triglycerides and 
lower the risk of heart 

attack 

 
ph=3-4 85°C 

 
15g/l at 20°C, 16.67g/L(25°C), 150g/l 

at 100 °C 

 √ 

Coumarin-3-
carboxylic acid 

190 
Anti-platelet 

aggregation 
Anti- blood clot 

 

 
15-30min 70-80°C 13 g/L (37°C) 80% √ 

4-
methylacetanilide 

149 Organic synthesis 

intermediate 

 

 
<60min 50°C 1 g/L (25 ºC) 86.30% √ 

Vanisal sodium 256 Soap formulations 
 

<30min 60°C / / √ 

Salicylic acid 138 Anti-inflammatory 
 

30min 
 

30°C 
1.24 g/L (0 °C)，2g/L(20 °C),  2.48g/L 

(25 °C), 4.14 g/L (40 °C)  
17.41 g/L (75 °C), 77.79 g/L (100 °C) 

 

88% 
√ 

OCOCH3

COOH

OH

COOH

(CH3CO)2O
H2SO4

CH3COOH+ +
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Sodium acetate 82 

Food additive and 

pickling agent  

or a laboratory 
reagent 

 
  

1190 g/L (0 °C), 1233 g/L (20 °C), 1255 
g/L (30 °C),1372 g/L (60 °C), 1629 g/L 

(100 °C) 

27% 

 
× 

Sodium salicylate 160 

Analgesic and  

anti-inflammatory 

induces apoptosis in 
cancer cells 

 ph=5.4～
5.8 

70℃(60-
85C) 

107.9 g/100 mL (15 °C) 124.6 g/100 

mL (25 °C) 141.8 g/100 mL (78.5 °C) 

 

24% 
× 

Acetanilide 135 Analgesic and 
antipyretic 

 
30-60min 40℃ 

4.6g/L（ 20℃)、 5.6g/L（ 25℃ ）、

8.4g/L（50℃）、55g/L（100℃） 

 

 
× 

4-Chloro-benzoic 
acid 

157 

An intermediate for 
manufacturing dyes, 

fungicides, 

pharmaceuticals 

 
4 hours 70-90°C / 

 

 
× 

DL-Mandelic acid 152 

Antibacterial for 
urinary tract 

infections 

antibiotic 

 
/ / 150 g/L (20 °C), 181g/L(25°C), 

 

 
× 

Sulfacetamide 
Sodium 

 

236 

An antibiotic to treat 
bacterial 

 infections of the eyes 

 
30min 90°C /  × 

Benzocaine 
 

165 A local anesthetic 

 a pain reliever 

 

 
60min 95-98ºC 1.31g/l(25°C) 30-41% × 
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Table A.2 List of pharmaceutical chemicals of large molecular weight for a reactive crystallization 

 

 

  

Chemical[5, 6, 93, 95, 96, 129, 

215, 253-257] 

Molecular 

Weight 

(g/mol) 

Application Reaction Reaction time 
Reaction 

temperature 

Clorprenaline  Succinate 543 

 

Relieve bronchospasm  

and palpitations 

 

 

  

<60min 

 

Room temperature 

 

Phenytoin-Zn 

 

 

568 

 

Anti-epileptics 

 

 
<60min Room temperature 

Sulfadiazine-Zn 

 

 

 

564 

Deal with burn wounds 

 
 <60min Room temperature 

Piperazine Ferulate 475 

 

Anticoagulants for cardiovascular  

and cerebrovascular diseases 

 

 

 

  

60min 
60 ºC 

Tetramethylpyrazine 

Ferulate 

 

525 

Anticoagulants for cardiovascular  

and cerebrovascular diseases 

  

60min 60 ºC 
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Appendix B -Solubility of paracetamol  

Table B. 1 Solubility of paracetamol in mixture of acetic acid and water with different ratios 

 

 

*Cs – Solubility of paracetamol (g kg-1 solvent) 

  SE- standard error 

  

Acetic acid: 
Water 

0:10 3:7 5:5 7:3 8:2 10:0 

Temp. (ºC) Cs SE Cs SE Cs SE Cs SE Cs SE Cs SE 

20 8.06 0.44 32.55 8.27 65.36 7.86 96.83 1.71 49.63 10.31 39.45 1.08 

35 12.8 0.56 57.76 6.16 106.38 3.99 139.19 4.26 82.33 15.1 57.17 2.75 

50 20.89 2.24 106.05 1.09 157.67 11.45 201.96 11.89 122.52 13.24 83.96 7.16 

65 32.62 2.35 127.13 8.05 191.6 9.49 274.02 7.66 184.39 44.12 132.95 5.27 

75 49.6 6.19 156.77 5.75 297.26 12.61 401.23 15.36 254.95 28.22 173.37 14.93 
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Appendix C-Experimental procedures for reaction kinetic study 

 

C1. Sample calculations for reactants contents according to the solubility data 

The reactants for a 100ml scale synthesis at different temperatures are shown in Table 

C.1. 

Table C. 1 Reactants dosages for synthesis crystallization at different temperatures 

Temperature 4-Aminophemol Acetic Anhydride Distilled Water 

75 °C 14.48 g 36.53 g 19.05 g 

65 °C 9.89 g 34.38 g 19.43 g 

50 °C 7.29 g 33.16 g 19.65 g 

 

Taking the reactive crystallization at 75 °C as an example, according to the 

solubility data, with the solvent ratio at 7:3, solubility of paracetamol at 75°C is 401.23g 

kg-1
solvent. The mass weight values of 4-aminophenol, acetic anhydride, paracetamol and 

acetic acid are 109.13 g mol-1, 102.09 g mol-1, 151.16 g mol-1 and 60.05 g mol-1 

respectively. In order to produce 20.06g paracetamol in 50g of solvent, the weight of 

reactants and acetic acid were firstly calculated, as follows: 

Weight of 4-aminophenol =
20.06g×109.13g mol−1

151.16g mol−1  = 14.48 g; 

Weight of acetic anhydride = 
20.06g×102.09g mol−1

151.16g mol−1
 = 13.55 g; 

Weight of acetic acid = 
20.06g×60.05g mol−1

151.16g mol−1
 = 7.97 g. 

The paracetamol produced is required to be dissolved in a mixture solution of 

acetic acid and water with a ratio of 7:3. Hence, for 50g of solvent, the total amounts of 

water and acetic anhydride were determined by considering the hydrolysis reaction (See 

Figure 4.5 reaction (2)) as: 
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Weight of acetic acid = 0.7 × 50g − 7.97g = 27.03g; 

Weight of acetic anhydride = 
27.03g×102.09g mol−1

2×60.05g mol−1  +13.55g = 23g + 13.55g = 36.55g; 

Weight of water = 
27.03g×18.02g mol−1

2×60.05g mol−1  + 0.3×50g = 4.28g + 15g = 19.28g.  

Therefore, the theoretical amounts of reactants required are: 4-Aminophenol 

14.48g (0.13mol); Acetic anhydride 36.55g (0.36mol); Water 19.28g (1.07mol). In 

practice, however, the mass of crystals at the end of cooling is so large that the mixing 

condition is adversely affected. On balance, the content of 4-aminophenol was therefore 

reduced to 10g(0.09mol), so was the temperature to 70°C and acetic anhydride to 

35g(0.34mol) accordingly, this gives the best controls in both good supersaturation and 

better mixing. 

The procedure for the reactive crystallization of paracetamol involves the following steps: 

1. Weight out 14.48g of 4-aminophenol and transfer it to the jacketed beaker; 

2. Add 19.05g of distilled water and 36.53g of acetic anhydride;  

3. Switch on the pre-heated water bath (Twater=75 ºC) and mix the solution 

using the magnetic stirrer (rmixing=200 rpm) until the amine has dissolved; 

4. Mix the solution for 30 minutes;  

5. Chill the mixture solution to 20 ºC with a fixed cooling rate of 1.2 ºC 

min-1; 

6. Perform a vacuum filtration of the mixture, washing the crystals with 

distilled water and drying these in the oven; 
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The steps 1-4 are related to the reaction, while steps 5-6 are associated with 

crystallization. 16 samples were taken at regular intervals at step 4 using a pipette with a 

fixed volume of 0.5ml. Although the total volume of samples exceeded 10% of the 

volume of the reaction solution, which may have affected the bulk mixing within the 

beaker, samples of less or equal to 10% of the total reaction volume were taken in 

experiments using OBR and COBR. All the samples were quenched by 1 ml of 2% 

concentration of sodium hydroxide solution in a series of 100 ml flasks, together with 

distilled water to dilute to the mark (i.e. the same volume) on each flask. 

 

C2. Sample calculation for solvent composition after reaction 

1) For the case with 20g water,  

Weight of acetic acid from synthesis reaction = 
10g×60.05g mol−1

109.13g mol−1  = 5.50 g. 

Weight of acetic anhydride in excess = 35g - 
10g×102.09g mol−1

109.13g mol−1  =35g – 9.35g = 25.65g  

All the excess acetic anhydride reacts with water to produce acetic acid, then 

Weight of water left = 20g - 
25.65g×18.02g mol−1

102.09g mol−1  = 20g – 4.53g = 15.47g. 

Weight of acetic acid produced totally = 5.50g + 
25.65g×2× 60.05g mol−1

102.09g mol−1   

                                                              = 5.50 g + 30.17g = 35.67g. 

The ratio of acetic acid to water = 
35.67g

15.47g 
 = 2.3 ≈ 7:3 

The results may not be exactly the same because of the significant figures kept 

during the calculation. 



133 

2) For reaction without water, 

The ratio of acetic acid to acetic anhydride = 
0.092 mol ×60.05 g mol−1

(0.34−0.092 )mol ×102.09 g mol−1 
 =

5.52g

25.32g 
 ≈ 0.22 

= 2:9. 

C3. Data acquisition system 

In the set-up for reaction kinetic study, both the thermocouple and the turbidity probe 

were wired to the data acquisition system, i.e. NI Compact DAQ USB chassis (National 

Instruments Corp., NI cDAQ-9174), and controlled by the LabVIEW software (National 

Instruments Corp., NI LabVIEWTM 2010, version 10.0). The signals can then be 

transferred to the computer via an analogue to a digital converter and constantly be 

recorded throughout the duration of a particular experiment. A simplified diagram was 

developed to acquire and monitor data, shown in Figure C.1, where the signals collected 

from the probes were displayed in temperature and voltage respectively, and were 

consequently written to a Measurement File located in C:\Desktop\test\lvm. An ’Elapsed 

Time’ Boolean control was used to specify the duration of different experiments - when 

the ‘Time has elapsed’ turned to a ‘True’ argument, it indicated that the experiment was 

completed. A ‘While loop’ was applied to allow the execution of the LabVIEW diagram 

to be repeated until the ‘Logical operator’ received the ‘Time has elapsed’ command and 

the program was then terminated. An iteration operator (“i”) provided a current state of 

the loop count, starting at 0 for the first runtime. 

 

Figure C. 1 Simplified block diagram of LabVIEW program 

Logical 

Operator 

While Loop Iteration Operator 
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C4. Reaction kinetics calculations 

   

Figure C.2 shows the plot of the logarithm of the rate constant, ln k, versus the 

reciprocal of the absolute temperature, 1/T, with the correlation coefficient of 0.9993.  

This indicates that ln k’ is directly depended on 1/T, whereas the activation energy E is 

constant in the same temperature range. 

 

Figure C. 2 Plot of the logarithm of the rate constants (ln k) vs the reciprocal of absolute 

temperature (1/T, K-1) 

 

According to the linear regression, ln k’ = -4487.5 
𝐸

𝑅
 + 13.412, the activation energy was 

calculated to be 37.31KJ mol-1. 
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C5. Synthesis mechanism 

 

Figure C. 3 The reaction mechanism of paracetamol synthesis[219] 

 

C6. Purity measurements 

 

Table C. 2 HPLC data for components under different reaction conditions 

No Sample name 
Paracetamol 

(%) 
SE 

4'-

Acetoxyacetanilide 

(%) 

SE 

1 STD-Paracetamol 99.80 0.12 0.00 0.00 

2 STD-4'-acetoxyacetanilide 1.59 0.20 99.00 1.87 

3 Reaction at 50°C 100.36 0.63 0.00 0.00 

4 Reaction at 60°C 101.01 0.29 0.00 0.00 

5 Reaction at 70°C 99.63 0.17 0.00 0.00 

6 Reaction at 80°C 98.60 1.45 0.00 0.00 

7 reaction with 0g water 2.95 0.02 97.15 0.70 

8 reaction with 5g water 96.00 0.86 3.87 1.03 

9 reaction with 10g water 99.61 2.17 0.00 0.00 

10 reaction with 20g water 99.05 0.13 0.00 0.00 

 STD-Standard Sample, SE-Standard Error 

 Purity values can be slightly more than 100% due to system and operation errors. 

For reactions with 10g and 20g of water at different temperatures, paracetamol 

alone was detected by the HPLC measurement, whereas 4'-acetoxyacetanilide was 

identified in the samples from reactions without water and with only 5g (0.28mol) water. 
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This indicates that paracetamol particles can be obtained with a high purity (~99%) for 

reactive crystallization with enough water (≥ 10g, or 0.55mol). Note that the purities for 

the purchased paracetamol and 4'-acetoxyacetanilide are not 100% as shown in Figure 

C.6 & C.7,  plus  some of the 4'-acetoxyacetanilide solids were hydrolyzed in the mobile 

phase during the sample preparation process, these can explain the small amount of 

paracetamol measured in the STD 4'-acetoxyacetanilide solution and in sample 7.  

 

Figure C. 4 The purity results for paracetamol particles from reactive crystallizations 

under different reaction conditions 

1 2 3 4 5 6 7 8 9 10

4'-acetoxyacetanilide (%) 0.0 99.0 0.0 0.0 0.0 0.0 100.0 3.9 0.0 0.0

Paracetamol (%) 99.8 1.6 100.4 101.0 99.6 98.6 2.9 96.0 99.6 98.4

0.0
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Figure C. 5 HPLC results for paracetamol purity measurement 

 

C7. Image of paracetamol crystals 

The images for the paracetamol particles produced from reactive crystallization are 

shown in Figure C.6. 
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Figure C. 6 Images of paracetamol particles after filtering (left) and drying (right) 

process 

C8. Reactive crystallization in different solvents 

There were 6 different solvents being used for the reactive crystallization, and 

paracetamol crystals were obtained in acetone, ethanol, isopropanol (IPA), acetic acid 

and acetic anhydride except dimethyl sulfoxide (DMSO). The operational methods and 

crystal properties are shown in Table C.3 and Figure C.7. 

Table C. 3 The reactive crystallization of paracetamol in different solvents 
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Figure C. 7 Microscopy images for crystal products from reactive crystallization of 

paracetamol in different solvents 
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Appendix D-Crystallization kinetics study in OBR 

 

D1. Concentration vs time 

HPLC method was applied to analyse the concentrations of compounds in the reactive 

crystallization process. The calibration curves for paracetamol (Figure D.1A) and 4- 

acetoxyacetanilide (Figure D.1B) are shown below.  

 

 

 
 

Figure D. 1 HPLC calibration curves for paracetamol (A) and 4- acetoxyacetanilide (B) 
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Although the chromatographic measurements gave a satisfactory resolution for 4-

aminophenol and paracetamol, as illustrated in Figure D.2, the peak for 4-aminophenol is 

quite small and declines very fast at the beginning of the reaction. In fact, the 

concentration of 4-aminophenol decreased rapidly from sample 1 to sample 3 within 

about 5 minutes, which is too fast to obtain stable gradual changes. Instead, the 

concentrations of paracetamol and 4-acetoxyacetanilide after reaction were examined 

(see Figure D.3 A-C), in terms of the levels of supersaturation and impurity.  

 

 

Figure D. 2 Chromatographic of solution samples taken from reaction crystallization 

system 
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(A) (A) 

(B) 

(C) Figure D. 3 Concentration files for paracetamol 

(PARA) and 4- acetoxyacetanilide (PAA) for 

samples taken from different solvent conditions 

before crystallization process. 
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D2. Calculations of reactants and products 

At the beginning of the reaction, we assume that there were x moles of 4-AP, y moles of 

water and z moles of acetic anhydride, the mass balance in mol for reaction 1 was then 

given below: 

   Reaction 1   

Compound 4-Aminophenol Acetic anhydride   Paracetamol Acetic acid 

MW(g/mol) 109.14 102.09   151.163 60.05 

Amount (mol) x z   x x 

 

Because the amount of acetic anhydride was in excess, so there would be (z-x) 

moles left for reacting with water. As a result, the amounts of acetic acid produced would 

be doubled via reaction 2. 

   Reaction 2   

Compound Acetic anhydride Water   Acetic acid Acetic acid 

MW(g/mol) 102.09 18.015   60.05 60.05 

Amount (mol) z-x y   z-x z-x 

 

So at the end of reaction, the solvent composition would be: 

Solvent composition 

Acetic acid (AC) Water (H2O) AC/H2O 

60.05 18.015   

2(z-x)+x y-(z-x) (60.05*2(z-x)+x)/18.015*(y-(z-x)) 

 

For the reaction conditions consisting of solvent composition 

acid:water(w/w)=1:9, concentration of starting concentration 4-AP:water = 2.0, 

we get the above relationship based on a working volume of 1000 g: 

(60.05*2(z-x)+x)/18.015*(y-(z-x))=0.11 (i.e.1:9) 

x/y = 2 

109.14x+102.09z+18.015y = 1000 
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Therefore, we obtained the values of x, y and z as 0.53, 47.80, and 1.05 mol, 

respectively. 

MOLECULE MASS (mol) 

4-Aminophenol Water Acetic anhydride 

109.14 18.015 102.09 

x y z 

0.53 47.80 1.05 

 

Similarly in terms of the mass:  

4-Aminophenol Water Acetic anhydride 

x y z 

57.33 g 861.19 g 107.26 g 

 

In this way, the masses of starting materials for different solvent compositions and 

supersaturations were obtained as below. 

AC/H2O total amount (mol)  Amount (mol)  
 AA/4-

AP 

4-Aminophenol Water Acetic anhydride 

 
1000 z/x x y z 

1:9 
 

0.61 47.30 1.09 0.61 
 

0.53 47.80 1.05 0.53 
 

0.44 48.28 1.02 0.44 
 

0.36 48.72 0.98 0.36 

5:5 
 

2.16 23.79 4.33 2.16 
 

1.87 24.89 4.30 1.87 
 

1.59 25.96 4.28 1.59 

7:3 
 

2.78 14.70 5.56 2.78 
 

2.43 15.68 5.60 2.43 
 

2.09 16.65 5.63 2.09 

 

AC/H2O total mass (g)  Mass (g)  
 AA/4-AP 4-Aminophenol Water Acetic anhydride  

1000 z/x x y z 

1:9 
 

1.8 67.07 852.06 111.04  
2.0 57.33 861.19 107.26  
2.3 48.21 869.76 103.72  
2.7 39.77 877.68 100.44 

5:5 
 

2.0 236.03 428.56 441.57  
2.3 204.21 448.30 439.34 
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2.7 173.09 467.61 437.15 

7:3 
 

2.0 303.63 264.91 568.03  
2.3 265.60 282.46 571.41  
2.7 227.59 299.99 574.79 

 

 

D3. Temperature & turbidity measurements 

Figure D.4 shows one of the real time recordings for both temperature and turbidity 

measurements. The temperature profile (red line) started from left at about 75 ºC (the 

temperature at the end of reaction), then decreased to a final temperature of about 20 C, 

subject to a cooling rate.  We heated it up after the end of crystallization to examine the 

dissolution profile. The turbidity profile (black line) shows the transmittance changing 

with time during crystallization. The initial drop in turbidity signal indicates the on-set 

nucleation.  

 

Figure D. 4 Results for temperature and turbidity measurements 
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D4. Images of the OBR set-up 

 

 

Figure D. 5 Set up of an OBR 

 

Three processes can be observed during the reactive crystallization experiment, 

which are dissolution of starting materials, paracetamol synthesis and crystallization, 

respectively. All of these steps occur in the same OBR vessel, as shown in Figure D.6. A 

light yellow solution was obtained after 4-AP had been dissolved in the mixture of acetic 

anhydride and water within 3 minutes at 50°C. At the same time, the temperature within 

the reactor was increased to 75 °C, the color of solution became darker due to dye 

impurities (formed from oxidation of the starting phenol) carried along with 4-AP solids 

and turned to purple as temperature increases. Although the minute impurity impacted 

the color of the mixture solution, paracetamol particles were well formed and shown as a 

white color. 
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Figure D. 6 Dissolution, reaction and crystallization in an OBR. Photographs (A) show 

4-AP dissolving in the starting solvents consisting of acetic anhydride and water. 

Photographs (B) show paracetamol synthesis solution at high temperature. Photographs 

(C) indicate the crystallization process directly following the reaction step under a 

controlled cooling rate. 

 

D5. Effects of mixing on MSZW 

 

Figure D. 7 Effects of mixing on MSZW 
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D6. Effects of AA/4-AP on paracetamol concentration 

 

 

Figure D. 8 The relationship of paracetamol concentration and AA/4-AP in different 

solvent compositions 

The concentration of paracetamol is influenced by the ratio of starting materials. 

This is due to the mass balance once the reaction reaches an equilibrium. For every 

targeted ratio of solvent, various reactant ratios of acetic acid (AA) and 4-aminophenol 

(4-AP)) can lead to different concentrations of paracetamol in the reaction solution. This 

then affects nucleation and crystal growth in the following crystallization step. Figure D.8 

shows the linear relationship of paracetamol concentration as a function of AA/4-AP 

value in each solvent composition. Due to the solubility limitation, higher ratios of 

Acid/H2O yield a solution of higher concentration, which is as expected. For a certain 

ratio of solvent, the concentration of paracetamol decreases as the AA/4-AP value 

increases. This suggests that beside of Acid/H2O value, to obtain a specific solution for 
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crystallization, the ratio of AA/4-AP should also be controlled from the solute 

supersaturation point of view. In addition, the linear function for each trend line in 

FigureD.8 was obtained from the average value of paracetamol concentration at the same 

AA/4-AP ratio.  

 

D7. Effects of supersaturation on crystal shapes for different solvent compositions 

For different solvents, fine needle-shaped crystals were often produced in solutions of a 

higher ratio of acid (Figure D.9). Breakages of needle crystals were observed for solvents 

with a higher ratio of acid to water (Figure D.10). 
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Figure D. 9 Microscope images of paracetamol crystallized at different supersaturation 

level under various solvent conditions: (up) acid/water = 1:9; (middle) acid/water = 5:5; 

(down) acid/water = 7:3 

 

 

Figure D. 10 SEM images showing paracetamol crystals (A) agglomeration in low acid 

ratio solvent and (B) breakage at high acid ratio solvent during the reactive 

crystallization process 
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Appendix E – Reactive crystallization in COBR 

 

 

Figure E. 1 Reactive crystallization of paracetamol in a COBR. Photograph (A) shows 

encrustation (left) and blockages (right) during unseeded continuous operations. 

Photograph (B) shows uniformly mixed crystals flowing through a staight glass tube in a 

reactive crystallization process with 15% seeds loading. Photograph (C) illustrates the 3 

steps during a reactive crystlalisation: dissolution, reaction, crystallization (from left to 

right). 

E1. Cooling profiles  

The higher the cooling rate, the higher the supersaturation level. COBR -8 experiment 

was carried out to compare with COBR- 2 to study the effect of cooling rate on seeded 

reactive crystallization of paracetamol. Figure E.2 shows the measured temperature 
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profile from 6 in-situ thermocouples along the COBR. The mean size of final products 

and the driving force for crystal growth are given in Table E.1.  

 

 

Figure E. 2 Cooling profiles for seeded reactive crystallization of paracetamol in a 

COBR. Plot showing measured temperatures from thermocouple 1 to 6 along distance 

during the COBR experiments. 

 

  

Table E. 1 COBR operation conditions 

 Seeds load 

(%) 

Cooling rate 

(ºC min-1) 

Products mean size 

(µm) 

S Operation mode 

COBR-2 15 2.0 453 2.1 Continuous 

COBR-8 15 1.6 522 1.5 Continuous 
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E2. PVM images 

 

Figure E. 3 PVM images for reactive crystallization under the amplitude of 26 mm, 30 

mm, and 36 mm at a fixed frequency of 1.0 Hz. 
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Figure E. 4 PVM images for reactive crystallization under the frequency of 0.5 Hz, 1.0 

Hz, and 1.2 Hz with a fixed amplitude of 30 mm. 
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E3. HPLC chromatogram 

 

 

Figure E. 5 HPLC chromatogram for one of the samples taken at Sample Point 1 
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E4. Purity results 

Particles obtained from COBR were analyzed using HPLC against the paracetamol 

samples provided by GlaxoSmithKline Pharmaceutical Company (purity of 99.8%). 

Results shown in Figure E.6 present a purity range of 99-101% for the paracetamol 

obtained in this work (mean of 99.96%). 

 

Figure E.6 Purity results for COBR products 

 

E5. Feeding rates calculations 

AC/H2O AA/4-AP Flow rate 
(ml/min) 

Feed 1 (mol/min) Feed 2 
(mol/min) 

  Q 4-ap H2O AA 

1:9 2.7 40 0.01 1.92 0.04 

 

AC/H2O AA/4-AP Flow rate 
(g/min) 

Feed 1 (g/min) Feed 2 
(g/min) 

  Q 4-ap H2O AA 
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1:9 2.7 40 1.59 34.62 4.01 

 

Feed 1 (ml/min) Feed 2 (ml/min) 

  AA 

36.11 3.72 

 

 

Figure E.7 Calibration results for pumps (pump 2- feed AA, pump 3-feed seeds) 
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E6. XRD results for COBR experiments 

 
 

Figure E.8 XRD results for COBC crystal products

0 10 20 30 40 50 60 70 80 902 Theta
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