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Abstract:  

In this paper, we report, for the first time, a reactive seeded cooling crystallization of 

paracetamol successfully performed in a continuous oscillatory baffled reactor (COBR). The 

synthesis of acetaminophen took place in the first part of the COBR, generated the solvent for 

crystallization via a specific ratio of starting materials. Seeded cooling crystallization was 

immediately commenced after the completion of reaction in the second part of the COBR. We 

investigated the seeding strategy of three seed masses (10, 15, and 20 %) at a fixed size in this 

work, enabling smooth and encrustation free runs. We also estimated agglomeration by 

comparing the ideal to actual normalized product/seed sizes, which was confirmed by SEM 

images. The effect of mixing intensity on crystal properties was reported. Samples at two ports 

of a known distance apart along the COBR enabled the study of steady states of paracetamol 

concentration and crystal mean size in both temporal and spatial domains, as well as the 

determination of the local, in turn, the overall growth rate. Form I paracetamol particles were 

consistently produced with an averaged purity of 99.96 %. 

Keywords: continuous reactive crystallization; mixing intensity; seeding load; steady state of 

concentration; steady state of crystal size, crystal growth rate; purity 

 

1 Introduction 

 







thermocouples (T1 – T6 in Figure 2) were employed to record the 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 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 1. A photo showing the set-up of COBR 

 

 

 

 

 















than if there were fewer seeds at the same supersaturation, thus the increase of the seed loading 

in Figure 4 leads to the increase of the number of crystals. This trend was also reported for 

adipic acid – water systems, 54 potassium alum – water systems53 and ammonium alminium 

sulphate –water systems52 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. 56 To investigate the effect of seed loading on 

the final crystal products in this work, three runs at different 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 4, where Sp refers to the actual size of final products 

(average of 5 measurements).  

 







 

Figure 5. Data on metastable zones and supersaturation from COBR-1 to COBR-3. 

Solubility, metastable zone and crystallisation path measurened gravimentrically48 in a 

solvent ratio of Acid : H2O = 1:949 Open symbols – concentrations after crystallisation. Close 

symbols – concentrations just post reaction 

 

The data of runs COBR 4 – 6 (Table 2) were obtained at a fixed oscillation amplitude but 

varying frequencies. Figure 6 illustrates 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.4 where oscillation 

frequency/amplitude had a similar effect on crystal size distributions.59 The shape of final 

crystals in this work were of column/plate like. 

 

 



Figure 6. (Left) the effect of oscillatory Reynolds number on crystals size from COBR-1 to 

COBR-6; (right) images of crystal products taken from COBR-1 to COBR-6 under different 

mixing intensities 

 

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 temporal steady states. In this work, 

samples were taken at three sampling points of C1-C3 along the COBR at seed loading of 15 

% as shown in Figure 2 and these concentration profiles as a function of time are displayed in 

Figure 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 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.  



 

Figure 7. Concentration profile of C1-C3 in the COBR at 15 % seed loading. Trend lines 

show the temporal steady state of solute concentration, constant distances between trend lines 

indicate the spatial steady state 

 

 

Figure 8. Size measurement for particles taken at sample point 2 and 3 at 15 % seed loading, 

trend lines show the temporal steady state of crystal size, constant distance between trend 

lines illustrates the spatial steady state. 
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Figure 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 9. The temporal steady state was generally achieved with small fluctuations observed 

for particle sizes over time. Similarly, Brown et al.6 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.  

 

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. 25, 26, 39, 60 If we assume a linear relationship between supersaturation and 

crystal growth,51 the overall growth rate would be 3.14 ×  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.26 and 

Worlitschek57 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), 49 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 

crystallisation.61 

 

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.49 This is likely attributed to the utilization of seeds for controlling the growth rate.  

 

 



 

Figure 9. SEM images for particles taken at sample point 2 (left) and 3 (right) at 15 % seed 

loading, showing crystals growth along COBR 

 

In general, SEM images of crystal products in the COBR in Figure 9 display elongated 

column shapes, which is the same as that in an OBR at the same solvent composition.49 The 

XRD results (Figure 10) indicate that the polymorphism of paracetamol products in this work 

is of the sable Form I, which agrees with literature works.33, 62  

 

Figure 10. PXRD data for representative paracetamol particles produced in this work as well 

as purchased paracetamol (Form I) and possible impurities of 4-aminophenol and 4'-

acetoxyacetanilide from previous study48 
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