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Abstract 

The classic experiments of crystallisation of sodium chlorate by Kipping and Pope in 1898 

showed that when NaClO3, an achiral salt, was crystallized from a tranquil solution, statistically 

equal numbers of levo and dextro crystals were obtained. Kondepudi et al. in 1990 extended 

Kipping and Pope’s work and revealed that >99% crystals having the same handedness, i.e. 

total chiral symmetry breaking, were achieved when constant stirring was applied in the 

evaporation crystallisation. In cooling crystallisation of NaClO3 at supercoolings of greater 

than 7 °C and at a stirring rate of 300 rpm, Denk and Botsaris (1972) reported that a 50:50 

racemic mixture of product crystals were obtained due to primary nucleation that has occurred. 

In this paper we report, for the first time, that the size of impellors, of the same width, the same 

thickness, the same material of construction and operated at the same rotational speed and at 

the same degree of supercooling, is the exception to Denk and Botsaris’s work where a stirrer 

of the smallest surface area led to close to 100% deracemization, while the data from the largest 

impellor agreed with the results of Denk and Botsaris, displaying a racemic mixture. Effects of 

shear, pre-seeding and surface roughness on chiral symmetry are examined to establish the 

likely cause of this new finding.  
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1. Introduction 

Sodium chlorate is intrinsically achiral inorganic compounds, but crystallizes as two 

enantiomorphic chiral crystals in the cubic space group P213.1 In 1898, Kipping and Pope2 

measured the handedness of 3137 NaClO3 crystals from 46 separate crystallisation tests, and 

showed 50.08%:49.92% of dextrorotatory (R) to levorotatory (L) crystals. This was well within 

the statistical error of the unbiased 50%:50% distribution they anticipated. Kondepudi et al. 

repeated the 19th Century work of Kipping and Pope and obtained equal numbers of left and 

right handed crystals in evaporation crystallisation of sodium chlorate through a non-stirred 

spontaneous nucleation.3 On the introduction of stirring at 100 rpm, however, >99% crystals 

displayed a single enantiomorphism. They postulated that this chiral symmetry breaking on 

stirring was due to secondary nucleation in which a “mother crystal” struck by the stirrer to 

clone secondary nuclei that have the same chirality as their “mother”. They further explained 

that the depletion of the solute from the solution due to the growth of the primary “Eva” nucleus 

and the secondary nuclei that were rapidly generated from it could have reduced the 

concentration to a level at which the rate of generation of new nuclei of opposite handedness 

from primary nucleation was effectively supressed. Their hypothetic mechanism was confirmed 

by the video images of McBride and Carter4 and supported by the concentration measurements 

where the solute concentration in the stirred case was much lower with time due to enhanced 

secondary nucleation5 than that in the non-stirred situation.  

 

Viedma6 created some innovative experiments in stirred crystallization of NaClO3 and 

demonstrated that total symmetry breaking can be achieved in massive instantaneous primary 

nucleation, broadened the mechanism proposed by Kondepudi et al.3, 5, 7 in that the real chiral 

symmetry breaking occurs in the first steps of the primary nucleation, whereas secondary 

nucleation only amplifies the symmetry breaking, known as the Viedma ripening. The stirring 

speed was identified as the key parameter for chiral symmetry breaking, with the increase of 

the stirring rate, the value of enantiomorphic excess (EE) tended logarithmically towards 

±100%,7 with smaller crystal size8 and shorter time to achieve total symmetry breaking.9 The 
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effect of the direction of stirring (clockwise or counterclockwise) on the other hand had little 

effect on the EE.8 

 

Viedma9 showed that complete homochirality and chiral purity can also be attained from 

an initial system containing glass balls with the presence of both enantiomers in either an equal 

form or with small enantiomorphic excess. The grinding and abrasive motions between the 

glass balls and nuclei produced a size distribution of chiral fragments, facilitating a nonlinear 

autocatalytic phenomenon as well as dynamic dissolution-crystallization phenomenon. This 

concept was extended from the simple achiral salts to biologically relevant enantiomeric amino 

acid molecules and derivatives.10 Other studies have also demonstrated that chiral symmetry 

breaking of NaClO3 can be induced by ultrasonic field,11, 12 cavitation,13 temperature gradient 

under boiling,14 surface scraping15 and heating-cooling cycle.16, 17 

 

In seeded cooling crystallisation of NaClO3, Denk and Botsaris18, 19 showed that product 

crystals of 100 % handedness to seed were harvested at a supercooling of 3 °C and a stirring 

rate of 350 rpm. As secondary nucleation was dominating, causing chiral autocatalysis where 

the surface of a crystal in contact with fluid in motion generated new nuclei of the same 

handedness as that of the “mother crystal”.18, 20 In their unseeded experiments at supercoolings 

of greater than 7 °C, primary nucleation occurred and led to a mixture of 50:50 dextrorotatory 

to levorotatory product crystals. This outcome was also supported by Martin et al.21 

 

Liang et al22 investigated the effect of impellors of stainless steel and Perspex on primary 

nucleation in a stirred tank crystalliser (STC) and the nucleation was found much easier with 

higher nucleation order in the stainless steel. Ahn et al23 also showed that the steel agitators 

(steel propeller and steel impellor) were more effective for secondary nucleation by collision 

than the plastic propeller due to hardness of agitators, leading to higher initial chiral symmetry 

breaking by the former. Nucleation and crystal growth on different surfaces (brass, copper, 

aluminium and stainless steel) were studied in heat exchangers,24, 25 the energy at the interface 

of fluid and surface was a key factor in surface crystallisation, besides the surface roughness 

of the materials.26 The effects of agitation speed and cooling rate on chiral symmetry breaking 
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of sodium chlorate showed that crystal enantiomeric excess was proportional to the agitation 

speed and inverse proportional to the cooling rate.23  

 

As far as we understood that there have been no publications on the effect of sizes of 

impellor of the same width on chiral symmetry breaking, the closest research of this kind was 

done by Liu and Rasmuson27 who evaluated the induction time of nucleation in crystallisation 

of butyl paraben using stir bars of 10 and 20 mm in length in magnetically agitated vials; they 

concluded that the stir bar length did not show a clear influence based on their results. In this 

paper, we show, for the first time, the exceptions to the work by Denk and Botsaris where the 

impellor of the smallest size led to the total chiral symmetry break, while data from the stirrer 

of the largest surface area agreed with the work of Denk and Botsaris in the unseeded cooling 

crystallisation of NaClO3.  

 

Experimental setup and procedure 

The crystalliser and stirrers 

A stirred tank crystalliser (STC) was made of jacketed glass, 100 mm in diameter and 1000 mL 

in volume. Three impellors of increasing surface areas were designed and manufactured with a 

total surface area of 1500, 3000 and 4500 mm2 respectively, as shown in Figure 1. The stirrers 

and the shafts were made from the same piece of stainless steel sheet and weld together. Each 

impellor has the same width of 52 mm and the same thickness of 2 mm, while the height of the 

stirrers was different. When located, the bottom of each stirrer had the same clearance from the 

bottom of the STC. In addition, the rotation speed of the stirrers was fixed at 200 rpm for all 

trials. The temperature within the STC was controlled by a water bath (Grant Instruments Ltd., 

GP200, R2 series). Three cooling rates of 1, 0.5 and 0.2 oC min-1 were used in the experiments. 

The crystallizer set-up is also shown in Figure 1.  
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Figure 1 Set up of the Stirred Tank Crystalliser and photo of the stirrers 

 

The procedure 

REAGENT: >99% pure sodium chlorate crystals were sourced from Fisher Scientific as white 

solid crystals. Water was the solvent.  

 

TOOLS: A T-type thermocouple was used to measure temperature within the vessel; a FTIR 

(Shimadzu ATR-FTIR Prestige-21) to determine the metastable zone width (MSZW); a 

polarimeter to identify the handedness of crystals, and the details of which can be found 

elsewhere.15 

 

SOLUBILITY AND MSZW: The reported solubility of sodium chlorate in water by Seidell28 

was verified and confirmed at 40oC as 100.58 gNaClO3/100mlH2O, which was used for the 

experiments. The repeatability and reliability of solubility were achieved by repeating the above 

at two more temperatures of 30 and 50°C with three repeats for each temperature. In addition, 

the MSZW for three cooling rates of 1, 0.5 and 0.2 oC min-1 was evaluated following the same 

procedure of the previous work29, 30 using the FTIR measurements; the results show that MSZW 

was dependent on cooling rate and ranged from 12 to 14 oC.  

 

EXPERIMENTAL PROCEDURE: The cooling crystallisation tests started by heating and 

maintaining the STC at 50 oC for one hour, i.e. a 10 oC higher than the saturation temperature, 
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ensuring that all NaClO3 solids had fully been dissolved. The hot filtered solution was then 

cooled to a final temperature of 10 oC at a given cooling rate. No seeds were used, for a 

supercooling of 30 oC, the MSZW was crossed, leading to spontaneous nucleation. When the 

end temperature was reached, the agitation was switched off, the solution was filtered by means 

of a vacuum pump within a control box, inside which the temperature was maintained at 10°C 

to prevent any potential further crystallisation from occurring. Crystals were collected, dried in 

an oven at 40°C overnight to remove excess water and finally weighed. For each stirrer, three 

cooling rates were used, each test was repeated three times to ensure good reproducibility.  

 

ANALYTIC PROCEDURE: 10% of crystal samples from each run were analysed for crystal 

handedness using the polarizer. Samples were placed on a glass plate, a light source passed 

through two polarizers and all crystals appeared transparent with a pale blue colour. When the 

second polariser was turned clockwise, the right-handed crystals were shown as dark blue and 

became orange, on turning further, whereas the left-handed crystals remained pale blue 

throughout. The crystals were separated into one beaker for levo and another for dextro crystals, 

and the number of each crystal type was manually counted, hence this is a time-consuming 

process. The results were then recorded and this method was repeated for all data.  

Results and discussion 

The fixed supercooling of 30 oC ensures that the operation has crossed the MSZW and led to 

spontaneous nucleation, a racemic mixture of crystals would be expected, according to the 

work of Denk and Botsaris.18 Table 1 summarizes the data obtained at a cooling rate of 0.5 oC 

min-1.  

 

Table 1 Effect of Agitator Surface Area on Crystal Handedness  

(rotational speed = 200 rpm, cooling rate = 0.5 oC min-1) 

 

 
Stirrer 
Area 

(mm2) 

 
 

Run 

No. of 
Left 

Handed 
Crystals 

No. of 
Right 

Handed 
Crystals 

 
Mean %  

Left : Right  

 
Standard 
Deviation 

 
 1 762 1   



7 
 

1500 2 745 0 99.78:0.21 0.21 

3 810 4 

 

3000 

1 534 305  

70.23:29.77 

 

6.47 2 575 257 

3 566 148 

 

4500 

1 356 316  

50.98:49.02 

 

2.43 2 380 345 

3 332 366 

 

 

The above results were repeated at cooling rates of 1 (Table 2) and 0.2 oC min-1 (Table 3) 

respectively with triple runs for each of the conditions, very similar mean percentages of levo 

to dextro crystals were obtained.  

 

Table 2 Effect of Agitator Surface Area on Crystal Handedness  

(rotational speed = 200 rpm, cooling rate = 1 oC min-1) 

 
 

Stirrer 
Area 

(mm2) 

 
 

Run 

No. of 
Left 

Handed 
Crystals 

No. of 
Right 

Handed 
Crystals 

 
Mean %  

Left : Right  

 
Standard 
Deviation 

 
 

1500 

1 788 0  

99.96:0.04 

 

0.06 2 823 1 

3 722 0 

 

3000 

1 717 203  

80.24:19.74 

 

2.39 2 630 125 

3 699 176 

 

4500 

1 417 397  

54.92:45.08 

 

2.75 2 420 312 

3 386 295 

 

Table 3 Effect of Agitator Surface Area on Crystal Handedness  

(rotational speed = 200 rpm, cooling rate = 0.2 oC min-1) 
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Stirrer 
Area 

(mm2) 

 
 

Run 

No. of 
Left 

Handed 
Crystals 

No. of 
Right 

Handed 
Crystals 

 
Mean %  

Left : Right  

 
Standard 
Deviation 

 
 

1500 

1 902 2  

99.73:0.27 

 

0.16 2 797 4 

3 875 1 

 

3000 

1 592 256  

68.51:31.49 

 

2.31 2 491 210 

3 403 217 

 

4500 

1 397 402  

52.44:47.56 

 

2.49 2 390 358 

3 407 323 

 

 

The data from all the above Tables show that a near chiral symmetry was achieved with 

the stirrer of the largest surface area, which agrees with the previous work, however the 

symmetry was completely broken for the impeller with the smallest surface area, taking into 

consideration of the statistical errors; this is new to the work of Denk and Botsaris, the reason 

for this is not entirely clear. 

 

Experimental studies of the effect of shear on crystallisation has been reported in the 

literature, some showed a shear-induced ordering of the liquid enhanced the nucleation rate,31, 

32 while others reported shear-induced suppression of crystallisation.33, 34 Both phenomena were 

qualitatively explained by Blaak et al,35 on the one hand, shear may induce layering in the 

metastable fluid, thus facilitating crystal nucleation. On the other hand, shear can remove matter 

from small crystallites, thus working against the birth of crystals.35 Computational work using 

either the Brownian dynamic simulation35, 36 or the Becker-Doering master kinetics equation 

from molecular level37 also posted the same contrasting results. 

 

Stirring in stirred tanks generates shear, the relationship between stirring and shear was 

proposed by Metzner and Otto38 based on their studies of flat-bladed turbine impellers that the 
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effective shear rate in the general region of the impeller could be taken as being directly 

proportional only to the rotational speed of the impeller (N) as 

�̇�𝛾 = Ks N (1) 

This was extended as �̇�𝛾 = Ks N3/2 for turbulent flow in stirred tanks and �̇�𝛾 = Ks 𝑈𝑈𝑔𝑔
1/(𝑛𝑛+1) in a 

bubble column39 where Ug is the superficial gas velocity (m s-1), Ks the proportionality constant, 

varies not only with geometrical parameters (c/D),40, 41 but also with the flow behaviour index, 

n,42 where c is the clearance between impeller blade and vessel wall (m) and D the diameter of 

the vessel (m).43, 44  Metzner and Otto proposed a value of 13 for the set of parameters in their 

study, a wider range of values was summarized by Shekhar and Jayanti.45 In our work, the 

geometric parameter, c/D, and the flow behaviour index, n, were the same, resulting the same 

shear rate according to the Metzner and Otto’s equation.  

 

 

Figure 2 Profile showing tracer concentration in the stirred tank crystalliser as a function of 

time for three impellors 

 

Because of different areas or volumes of the impellors, could this parameter have any 

impact? We subsequently carried out tracer experiments in the stirred tank crystalliser using the 

three impellors, on the hypothesis that the mixing would have been affected when impellors of 
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different areas or volumes are used. Figure 2 shows the change of tracer concentration as a 

function of time. We see that the rising slopes (denoting the mixing rate) are largely similar; 

the level-offs are the same for all; and the mixing times (the time between the first rise and the 

level off of tracer concentration) are virtually the same, i.e. the tracer is completely mixed in 

the stirred tank within ~ 6 seconds for all impellors, in comparison with the cooling times 40, 

80 and 120 min at the cooling rate of 1, 0.5 and 0.2 C/min respectively. As a result, the 

volume/are based shear rate had little influence; this eliminates the effect of shear. 

 

Ahn et al23 showed that a steel propeller produced a higher initial chiral symmetry breaking 

in cooling crystallisation of sodium chlorate than a steel impellor, because the strong radial and 

axial fluid motion provided by the former was more effective for collision than the radial flow 

mainly generated by the latter. While geometric dimensions of the impellor and the propeller 

were not given in their work, in order to generate axial fluid motion in a stirred tank, the blades 

in the propeller would have either pointed upwards or placed at an angle, implying a larger 

surface area than the impellor. If the above postulation is correct, their results would just be the 

opposite of ours. There are also some noticeable differences in experimentations between their 

and our works, as listed in Table 4, which still cannot explain the trend of our data, as radial 

fluid motions are the main flow patterns in our work for all three impellors due to the same 

width. 

 

Table 4 Differences in experimental conditions  

 

 Rotational speed  
(rpm) 

Cooling rate 
(oC min-1) 

Degree of 
supercooling (oC) 

When filtration 
was done 

 
 

Ahn et al23 

 
 

700 

 
 

0.295 

 
 
7 

The crystallizer 
was maintained 
at the final 
temperature for 
up to 100 hrs 
before filtration  

 
This work 

 
200 

 
0.2, 0.5, 1 

 
30 

Filtration 
straightaway 
after 
crystallisation 
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It is known that minute crystal fragments can stick on impellor surface more readily in 

stainless steel than PTFE, then act as seeds in the subsequent runs, i.e. the pre-seeding effect.46 

The larger the surface area of the impellor, the higher the probabilities for crystal residues to 

stick on. To have the results shown in Tables 1-3 would however mean that crystal fragments 

would have either equal handedness on the largest impellor or single handedness on the small 

stirrer; this is rather unlikely.   

 

It is obvious that larger sizes of the stirrers would cause more collisions, hence more 

secondary nucleation than smaller ones. We are also aware that larger sizes of impellors contain 

a greater proportion of roughness at the welding area, surface roughness is known to promote 

primary nucleation, for example, when the wetting angle and the critical radius of the nucleus 

are constant, the work needed for heterogeneous nucleation on the concave surface (e.g. pits or 

grooves) is much less than on both smooth and convex surfaces because the critical volume of 

a nucleus with concave surface is the smallest.47 There are more pits or grooves in the largest 

impellor, which would have led to more primary nucleation events and more opportunities for 

the birth of both left and right nuclei, which partially explains our data. We are still unclear, 

however, why the smallest impellor favoured nuclei of a specific handedness? 

Conclusions  

In this paper, we report our experimental results of two contrasting outcomes: our data from the 

smallest impellor lead to a total chiral symmetry breaking – this is new and the exception to 

Denk and Botsaris’s work; while our data from the largest impellor of the same width display 

almost chiral symmetry – this supports Denk and Botsaris’s work. The effect of shear is 

eliminated because the shear induced by the three impellors of different surface areas is the 

same according to the classic Metnzer and Otto’s equation. The effect of pre-seeding is also 

discarded as we would have obtained the opposite trend to what we presented here. The greater 

proportion of surface roughness at the welding area in the largest impellor would have provided 

more opportunities for the birth of both levo and dextro crystals, since surface roughness, such 

as pits and grooves, promotes primary nucleation; this only provides partial explanations to our 

finding, we are still baffled why the smallest size of impellor favoured the birth of nuclei of a 

specific handedness. 
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