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Introduction  

The concept of continuous manufacturing is one of the major trends, which shapes the chemical and 

pharmaceutical engineering academic and industrial R&D. Process analytical technology (PAT) [1], [2] acts as 

enabler for the continuous manufacturing and on-line measurements are required to determine whether the 

process has reached stationarity or steady state. 

 

The need 

An inherent draw-back of continuous operation is that during start-up the product characteristics are not 

uniform and the amount of off-spec material, which needs to be reworked is proportional to time to steady-

state. Therefore, it is of utmost importance to be able to reliably detect steady-state conditions without any 

delay. Furthermore, since steady-state process models are used to describe and optimize the continuous 

processes it is important that the data used for parameter identification or measurement reconciliation is 

acquired when the process is indeed in steady-state. In the context of continuous process monitoring the 

question which arises is: how is it systematically decided whether the process reached steady-state? If samples 

for off-line analysis are taken what is the right ñcertificateò, which documents that the process was indeed in 

steady-state during sampling? 

 

The solution 

This contribution introduces a systematic stationarity detection framework using financial time series analysis 

and econometrics concepts. The model unit operation is a continuous plug-flow crystallizer monitored on-line 

by a focused-beam reflectance measurement sensor (FBRM) [3]. The obtained time series measurements (1-30 

micron bin range) are used to perform the univariate statistical analysis and to detect stationarity. 

 

Methods 

The unit-root and stationarity hypothesis tests discussed in this contribution are the augmented Dickey-Fuller 

(aDF), Philips-Perron (PP), Leybourne-McCabe (LMC) and Kwiatkowski-Phillips-Schmidt-Shin (KPSS). The 

first two are unit-root tests, that is the null hypothesis is that the process is not stationary. The PP and KPSS 

tests are stationarity tests since the null hypothesis postulates that the process is stationary. Due to the limited 

space of the abstract and complex statistical concepts further details are not introduced in this abstract. 

 

Results and discussion 

The raw data for the 2.7 micron bin and results of the unit-root and stationarity tests are presented in Figure 1. 

Due to some autocorrelation 3 lags were included in the aDF and PP model. The moving window on which the 

econometrics tests were run was 30 measurement points. The solvent and the antisolvent were mixed in the 

PFC ca. 30 s after starting the measurements. 

The results show that the p test value decreases below 0.05 after ca. 120 since the start of the experiment. This 

signals that the aDF and PP tests reject the unit root test. These results are also confirmed by the LMC and 

KPSS tests, which accept the null stationarity since the p values are above 0.05.  



 

The statistical framework described in this paper can be applied to any other continuously operated unit 

operation or sensor measurement. 

 

Figure 1 Steady-state detection results. The unit on the x axis is seconds. 
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This work presents a novel seeding procedure to assess secondary nucleation rates. Secondary nucleation is the 

birth of crystals in the presence of parent crystals of the same substance. Secondary nucleation influences the 

particle size distribution of the final product and therefore affects downstream processing and particulate 

product quality. With increasing use of continuous crystallisation processes in pharmaceutical industry, it is 

increasingly important to control and predict nucleation kinetics. Insufficient secondary nucleation can have 

catastrophic effects in a continuous crystallisation process, because supersaturation may rise due to the lack of 

crystal growth surface and it becomes impossible to achieve steady state operation. On the other hand, 

secondary nucleation may need to be minimised in seeded crystallisation in order to provide control over the 

resulting particle size distribution.  

The objective of this study is to accurately measure secondary nucleation rates while clearly distinguishing 

secondary and primary nucleation processes. Our approach is to seed a supersaturated solution with a known 

amount of well-characterized crystals under conditions at which primary nucleation does not occur. On a small 

ml scale, a single seed crystal was added to a clear, supersaturated and agitated solution at constant temperature 

whilst the number of crystals subsequently formed was monitored. The measurement of the increasing number 

of particles generated in the solution after seeding, allowed secondary nucleation rate determination. To make 

sure secondary rather than primary nucleation was measured, a parallel unseeded experiment was run under the 

same conditions. Spontaneous primary nucleation only did occur well outside the timeframe of the secondary 

nucleation measurement.  

The newly developed method has been successfully tested on different pharmaceutical compounds such us 

Isonicotinamide in Ethanol, Paracetamol in 3-Methyl 1-Butanol, Sodium Bromate and Sodium Clorate in water 

using a 3 ml batch crystalliser. It was observed that the time elapsed between the moment a single seed crystal 

is added and the moment the number of crystals started increasing, is dependent on the seed crystal size. This 

delay time increases for smaller single crystals indicating that the seed crystal has to grow to a minimum crystal 

size before secondary nuclei can be generated from it.  

In addition, secondary nucleation rates were determined from the particle number rise after the time lapse 

(Figure 1). The observed secondary nucleation rate was dependent on the seed crystal size as well, indicating 

that secondary nucleation is faster using larger single seed crystals (Figure 2). This method enables the study 

of secondary nucleation kinetics and the validation of new secondary nucleation theories. 

Furthermore, the new seeding method was used to measure the secondary nucleation delay time and rate on a 

larger scale (up to 100 ml) where similar results were obtained. A systematic study for secondary nucleation 

improves the control on this crucial step of crystallization. This novel seeding procedure can be incorporated 

in workflow procedures enabling rapid development of industrial crystallisation processes. 

 



 
 

Figure 1. Particle count N in a seeded experiment (green squares) and an unseeded experiment (red squares) run in parallel 

for INA in ethanol at S=1.10 and T=18.0°C. For the seeded experiment, the green dashed line indicates the slope (m) for 

the secondary nucleation rate and the solid line shows the delay time (dt) before secondary nucleation occurs. 

 

 
Figure 2. Particle count N against time for single seed crystal experiments at a supersaturation S=1.10. Different colours 

of the symbols represent different single seed size, measured in projected area: green (1.3 mm2), blue (1.8 mm2), light blue 

(3.5 mm2), red (4.1 mm2), orange (5 mm2), pink (6.8 mm2), purple (7.5 mm2) and indigo (9 mm2). There is a clear relation 

showing a larger slope for larger seed sizes. 
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Introductionʿ  

Drug is normally prepared as crystalline form due to its higher purity and stability compared with amorphous. 

However, crystals are difficult to form when oiling-out occurs especially a jelly like phase (JLP) forms during 

solution crystallization process [1, 2]. In this paper, the oiling out phenomenon in the crystallization process of 

cefquinome (CFQ) is reported for the first time. CFQ is a kind of fourth-generation cephalosporin for livestock 

and it has always been clinically used as its acid additon salt-cefquinome sulfate [3]. The cefquinome sulfate 

has extremly low solubility in water which influenced its bioavailability. By comparison, CFQ is better water-

soluble. However, JLP forms during crystallization process of CFQ and no solid can be obtained. In this work, 

we highlight water is the key factor both in the JLP formation and crystallization of CFQ. And the 

crystallization method has been developed and crystalline CFQ are obtained sucessfully. 

 

Section 1: JLP formation and characterization 

The JLP formed when anti-solvent was added into CFQ aqueous solution as shown in Figure 1. Initially, the 

CFQ solution was transparent. With the addition of the anti-solvent, oil drops formed and gradually merged 

into a JLP. The anti-solvent was added until the mass ratio of water to anti-solvent was 0.1. TG and Karl Fischer 

analyses show that the JLP is mainly composed of CFQ (about 60 wt %) and water (about 38 wt %). The mass 

ratio of water to anti-solvent in the JLP is much greater than that in the solution. It can be speculated that CFQ 

molecules tends to aggregate together in supersaturated solution and the strong interaction between water and 

CFQ molecules cause hydrous CFQ molecules aggregate and JLP forms. 

Gel, which is another metastable state often occurs in the crystallization process, is usually confused with JLP. 

As a soft matter, gel has typical rheological behavior. The dynamic storage modulus G' and loss modulus G" 

are constant at low strain (%0.1-10%) and G' drops rapidly with the strain increasing arrives at the critical point 

[4]. For comparison, rheological experiments were conducted for the JLP. The G' and G" as a function of strain 

are shown in Figure 2. G' gradually reduces even at small strain (0.1-1%) and dramaticly decreases at higher 

strain (about 2%), which is different from that of gel. The results show that rheological characteristics can be 

used to discriminate the gel and JLP.  

 

Section 2: Development of Reverse anti-solvent crystallization (RAC) process 

To obtain crystalline CFQ, reduction of the interaction between CFQ and water is of importance. Therefore, 

RAC mode under which the CFQ aqueous solution was added into anti-solvent was adopted. The process was 

monitored by Raman, FBRM and PXRD. The results show that CFQ amorphous precipitates rapidly and then 

it transforms into crystals. From Figure 3 it can be seen that the size of the particles decreases rapidly and the 

Raman intensity of the characteristic peak at 1575cm-1 of the CFQ crystal increases dramatically at about 1h, 

which indicates the transformation happened. The transformation process was also verified by PXRD. The 

FTIR of JLP, CFQ amorphous and crystals are shown in Figure 4. It can be seen that there is a red shift of the 

characteristic peak assigned to C=O of acylamino from 1670cm-1 to 1651cm-1. The intensity of the 

characteristic peak at 3405cm-1 assinged to NH2 connected to the thiazole ring increases. The changes indicate 

hydrogen bond formed between C=O and NH2 [5]. Besides, no peaks in the FTIR of CFQ crystals show the 

existence of water (Normally, the characteristic peak of H2O can be observed in 3400-3600cm-1), which 

indicates that the crystalline CFQ is anhydrous. 

 

 

 



Section 3: Effect of water in the RAC of CFQ 
Table 1. Effect of the water content  in solution on the RAC 

process 

 

Water mass content (in solution) Results 

19.22% JLP 

11.32% amorphous 

8.7% crystals 

The influence of water on the RAC of CFQ was investigated. Table 1 shows that the content of water in solution 

should be lower than 8.7%, if not, JLP would not be avoided or amorphous would be obtained. It can be 

speculated that CFQ is difficult to crystallize out from solution with higher water content because the 

desolvation process controls the nucleation rate of CFQ. Further experiments domenstrated that a small amout 

of water in the amorphous is indispensable to the transformation of amorphous to crystals. TG and Karl Fischer 

analyses show that the water content in the CFQ amorphous precipitated in the RAC was about 8%. The 

amorphous was dried at 40ᴈ until constant weight. The anhydrous amorphous was reslurried into the solution, 

but no transformation occured. The results show that the water in the amorphous CFQ maintain the mobility of 

CFQ molecules and accelerate the CFQ molecules self-assemble to long range order structure. 
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Introduction  

It is known that chemical and physical compatibility between a heterosurface and the crystallizing molecule 

promotes heterogeneous nucleation. In this work acetaminophen (AAP), a/b-Lactose (a/b-Lac) and methanol 

(MeOH) are selected as the model API, excipient and solvent, respectively. The excipient ï suspended in a 

supersaturated solution of AAP in MeOH ï was used as a heterogeneous surface (óseedô), and parameters 

influencing the heterogeneous nucleation of the AAP such as (a) AAP solution/excipient contact time, (b) AAP 

supersaturation, and (c) AAP to excipient loading are tuned to demonstrate how the nucleation rate and degree 

of crystallization can be manipulated to control the particle size and the balance between nucleation and growth.  

 

1. Influence of contact time on the crystallization of AAP from MeOH solutions in the presence of 

Lac 

The API/excipient contact time had a pronounced influence on the crystallization of AAP from a supersaturated 

MeOH solution in the presence of -Lac in terms of the extent of desupersaturation produced (Figure 1). 

As such, ca. 20% desupersaturation occurred within the first 30 minutes (at S=1.25, Tcry=15 °C) when -

Lac was present. Thereafter, the % desupersaturation rose to ca. 80% after 2 hours. In contrast, during induction 

time measurements performed under the same conditions of S and Tcry but in the absence of -Lac, 

crystallization of AAP was not observed for up to 2 hours. 

Over time, AAP particles nucleate on the -Lac surface and then grow uniformly producing small AAP 

particles (<15 m) in a robust manner such that the particle size distribution (PSD) remains constant over a 

wide variety of contact times. 

(b) 

     
Figure 1. (a) Desupersaturation of AAP-MeOH solutions in the presence of suspended a/b-Lac: influence of the 

contact time (hours) on the % desupersaturation (Γύ ŀƴŘ ǘƘŜ ƳŜŀƴ !!t ǇŀǊǘƛŎƭŜ ǎƛȊŜ όҤύ όōύ {9a ƳƛŎǊƻƎǊŀǇƘǎ ƻŦ ʰκʲ-

Lac particles following contact with a supersaturated AAP-MeOH solution for 1.5 h. S = 1.25, maximum attainable 
AAP loading (% w/w) = 26% 

 

(a) 

AAP 

AAP 



2. Influence of supersaturation on the crystallization of AAP from MeOH solutions in the presence of 

-Lac 

The desupersaturation profile (Figure 2) initially 

rises to a maximum of ca. 89% corresponding at 

supersaturations in the range 1.4 ï 1.5. Beyond 

this, the observed fall-off in desupersaturations to 

67.6% at S=1.64. This is likely due to the 

comparatively larger quantities of -Lac 

particles resulting in a poorer mixing of these 

thicker suspensions. Indeed, this driving force 

appears to have had a limited influence on the 

range of AAP particle sizes obtained. The range 

remained quite consistent regardless of the 

supersaturation used, with small particles (< 15 

m) predominating at all supersaturation levels 

examined. This suggests that the available surface 

area of -Lac (as defined by the constant 

maximum attainable AAP loading of 26% w/w at 

each supersaturation) was sufficient to facilitate an 

initial surge of heterogeneous nucleation of AAP 

which thereafter transitioned to crystal growth in a 

broadly uniform manner during the remainder of the 2 hours.  

 

3. Influence of the maximum attainable AAP loading (% w/w) on the crystallization of AAP from MeOH 

solutions in the presence of -Lac 

This study illustrates that a degree of control may 

be exercised over the particle size of AAP crystals 

produced via heterogeneous nucleation onto the 

surface of suspended particles of -Lac. In 

particular, the crystallization process showed good 

robustness over quite a broad intermediate range of 

maximum attainable AAP loadings (from 26 % to 

68 %) in terms of the desupersaturations obtained 

and AAP crystal particle sizes produced.  

It is observed that at high maximum attainable AAP 

loadings, larger AAP crystals are formed; this may 

be due to the relative paucity of excipient surfaces 

at these high maximum attainable AAP loadings, 

leading to a reduced number of available 

nucleation sites, thus encouraging more crystal 

growth. 

 

Conclusions 

By varying the API supersaturation, the maximum attainable API loading and the API/excipient contact time 

for supersaturated solutions and suspended excipients particles, it has been shown that there are optimal ranges 

for supersaturation and maximum attainable API loading capable of producing consistently small API particles 

at high levels of desupersaturation. This highlights the importance of tuning process parameters for 

heterogeneous nucleation in the presence of solid excipient carrier particles. 
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Figure 2. Desupersaturation of AAP-MeOH solutions in the 

presence of suspended a/b-Lac: influence of the 

supersaturation (S) on the % desupersaturation (Γ), and (b) 

ǘƘŜ ƳŜŀƴ !!t ǇŀǊǘƛŎƭŜ ǎƛȊŜ όҤύΦ /ƻƴǘŀŎǘ ǘƛƳŜ Ґ нƘΣ maximum 
attainable AAP loading (% w/w) = 26% 

 

 
Figure 3. Desupersaturation of AAP-MeOH supersaturated 

solutions in the presence of suspended a/b-Lac: influence 
of the maximum attainable AAP loading (% w/w) on the % 

desupersaturation (Γ), and (b) the mean AAP particle size 
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Introduction  

Environmental concerns have led to an ever-increasing use of sustainable, bio-derived feedstocks in fuel oils 

including hydrogenated vegetable oil (HVO) from agricultural or recycled sources. HVOs consist mainly of 

hexadecane (C16) and octadecane (C18) alkane components [1]. Increased levels of biofuel are resulting in 

vehicle failures e.g. in Germany during 2011, >5500 diesel cars failed over one weekend in cold weather due 

to poor understanding of biofuel crystallisation. Understanding the phase behaviour of the mixed homologues 

provides a step towards the control of crystallisation process notably the discovery of novel additives  

Normal alkanes as model materials for complex polymer substances have been widely studied. The 

polymorphic behaviour of even alkanes has been observed as increasing the carbon number along with raising 

structural symmetry from triclinic (P-1) for  to monoclinic (P21/a) for 

 to orthorhombic (Pca21) for (C36H74, C46H94, C50H102 and C60H122). Odd alkanes 

were confirmed having the Pbcm orthorhombic structure [2]. Moreover, mixing n-alkanes has a dramatic 

influence on the polymorphic relations with new-born phases formation, such phases, however, are only 

observable in the longer chain alkane components without mixing[3-4]. In between the liquid phase and the 

low temperature ordered crystal phase, rotator phases are present giving a weakly ordered crystalline phase[5-

6].  

This paper provides a detailed study of C16/C18 binary mixtures as a function of composition and temperature. 

Detailed thermal energetic data associated with these complex solid/liquid and solid/solid transitions is defined 

using differential scanning calorimetry (DSC). The structural evolution of these two components is revealed 

by powder X-ray diffraction (XRD) 

 

 

Section 1 

To observe the phase transition temperatures and associated enthalpies, 21 binary mixed samples were 

examined by calorimetric measurements of DSC at a relatively slow heating/cooling rate of 1 °C/min. The new-

born phases from mixing of C16/C18 at high temperature (HT) and low temperature (LT) regions were first 

identified and characterised. Furthermore, structural behaviour as a function of temperature for each 

composition of mixtures was identified from the relative reflection positions using temperature dependent 

PXRD. In comparison with equilibrium conditions, crash cooling effects on the formation phase of binary 

mixtures were also studied to indicate the importance of kinetics on the phase formation of binary mixtures. 

 

Section 2 

Analysis of C18/C16 binary phase diagram (Figure 1) reveals five solid phases (T16, R1, Mdcp, Op and T18) and 

five three-phase-equilibrium invariants (eutectic and peritectic at high temperature, eutectoid and peritectoid at 

low temperature). Kinetic studies reveal the crossover behaviour of the R1 existed in a transient to metastable 

to stable phase, which the stability is affected by both composition and alkane chain length. Alternatively, by 

crash cooling crystallisation, a binary mixture of R1 solid solution found to be in difficulties of forming a high 



dense packing triclinic structure, which was rather transformed to the similarly packed intermediate phases of 

Mdcp and Op. 

 
Figure1 Experimental determined binary phase diagram of C16/C18 mixtures as a function of composition and 

temperature towards heating processes. Phase transition temperatures are determined by DSC represented by 

symbols of Ǐ (Solid-liquid), Ǐ (liquid-solid) and ƺ (solid-solid). Structural evolution determined from PXRD:ǅ 

T (P-1, Z=1), Å R1 (Fmmm, Z=4), ǃ Mdcp (Aa, Z=4)and Ǆ Op (Pca21, Z=4). In between of the adjutant 

monophasic phases are biphasic solid phases: Liquid+R1, T16+R1, T18+R1, Mdcp+R1, Op+R1, Mdcp+T16, Mdcp+Op 

and Op+T18. Three-phase-equilibrium invariants are represented by dash line (      ). 

 

 

 

Acknowledgements: The authors greatly acknowledge industrial sponsorship from Infineum UK. The high 

resolution X-ray diffraction data using a STOE diffractometer was collected with the help of Dr Peter Hutchins 

(Infineum) and was carried out in the Organic Chemistry Laboratory of University of College London (UCL). 

 

References: 

[1] Schenk, P.M., et al., Second generation biofuels: high-efficiency microalgae for biodiesel production. 

Bioenergy Research, 2008. 1(1): p. 20-43. 

[2] Craig, S.R., et al., Investigation into the structures of some normal alkanes within the homologous series 

C13H28 to C60H122 using high-resolution synchrotron X-ray powder diffraction. Journal of Materials 

Chemistry, 1994. 4(6): p. 977-981. 

[3] Sirota, E., et al., Rotator phases in mixtures of n-alkanes. The Journal of Physical Chemistry, 1995. 99(2): 

p. 798-804. 

[4] Sirota, E. and A. Herhold, Transient phase-induced nucleation. Science, 1999. 283(5401): p. 529-532. 

[5] Dorset, D.L. and R.G. Snyder, Crystal structure of modulated n-paraffin binary solids. The Journal of 

Physical Chemistry, 1996. 100(23): p. 9848-9853. 

[6] Metivaud, V., et al., Solid-solid and solid-liquid equilibria in the heneicosane-docosane binary system. 

Chemistry of materials, 1999. 11(1): p. 117-122. 



120 

Divergent Polymorphs and Solid-State Phase Transition of 4,4ô-Bipyridine 

and Squaric Acid Salts 
 

J S. Stevens1, M. Walczak2, C. Jaye3, D. A. Fischer3 
1School of Chemical Engineering and Analytical Science, The University of Manchester, Oxford Road,  Manchester, 

M13 9PL, UK 
2School of Materials, The University of Manchester, Oxford Road,  Manchester, M13 9PL, UK 

3 Material Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 

20899, USA 

 

Keywords: polymorph, salt, phase transition 

 

Control and identification of polymorphic forms and the nature of multi-component products (salts, co-crystals) 

is particularly important, with the resulting implications for physicochemical properties, processing and 

regulatory control. Crystallisation of 4,4ô-bipyridine (4BPY) and squaric acid (SQU) leads to several divergent 

coloured polymorphs (Figure 1) with varying crystallisation conditions. Forms I (yellow) and III (orange-red) 

were identified as distinct salts [4BPYH]+[SQUH]ī by single crystal diffraction, however, the rate of 

crystallisation involved in producing form IV (orange) prevented growth of single crystals and thereby 

identification. Upon heating, the yellow form I undergoes a dramatic reversible, solid-state phase transition to 

form II (dark red), with a change in colour and dimensions (Figure 1). Direct identification of the high 

temperature form II by single crystal diffraction also encountered difficulties, although refinement of the 

powder neutron diffraction pattern correlated reasonably with a model in which a di-salt [4BPYH2]2+[SQU]2ī 

results [1]. As solid-state reactions initiated by external factors, such as temperature, light or pressure 

(ñchromismsò), are often attributed to intra- or intermolecular proton migration in molecular chemistry, the 

hypothesis that proton transfer is involved in the conversion between forms I and II is plausible. 

 

 
 

The potential to tune chemical and physical properties of organic materials through varying the molecular 

interactions and degree of proton transfer has led to advances in crystal engineering of materials including 

pharmaceuticals and molecular switches. Detection of whether proton transfer has occurred, however, is not 

trivial, because it typically involves the position of a single hydrogen atom (e.g. NĀĀĀHO vs. +N HĀĀĀOī), and 

complications with diffraction techniques range from difficulties of accurately locating hydrogen with X-ray 

diffraction, minimum crystal size and quality required for single-crystal neutron diffraction to disorder, 

potential decomposition or even loss of crystallinity. 

 

The nature and relationship between the resulting polymorphic forms is investigated here, including the 

underlying mechanism occurring in the solid-state phase transition of form I and II, and identity of form IV, 

utilising a combination of analytical techniques. The inclusion of X-ray photoelectron and absorption 

spectroscopies (XPS, XAS) allows studying of local chemical and electronic structure without the need for 

 

 

Figure мΦ ¢ƘŜ ŘƛǾŜǊƎŜƴǘ ŎƻƭƻǳǊŜŘ ǇƻƭȅƳƻǊǇƘǎ ƻŦ пΣпΩ-bipyridine and squaric acid (left), structure and bonding of the 
yellow form I salt (middle), and the rapid, solid-state transition of form I to form II above 185°C in <1 s (right). 

 

 



long-range order [2], so that amorphous and disordered materials and even solutions can be probed. The 

chemical and bonding states present in each of the polymorphic forms is thus revealed here, with in situ XAS 

measurements providing the first direct evidence of whether proton transfer is involved in the phase transition 

between form I and II, and correlation with optical microscopy and crystal structure analysis allows insight and 

ultimately unravelling the domino-like process occurring in the transition between the forms.  
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Introduction  

Online measurement techniques offer highly desired possibilities to optimize the crystal growth and the final 

crystal size distribution. Optical measurement techniques such as laser diffraction and direct imaging allow 

very detailed crystal characterization. The Pixact Crystallization Monitoring (PCM) system combines in-situ 

process microscopy and advanced image analysis techniques. The PCM system is designed for the online 

analysis of crystallization producing real-time measurement data of the crystal concentration and the crystal 

size and shape distributions. This paper describes a further development to the PCM system: suspension 

flowability analysis, i.e. the measurement of the suspension flow velocity. 

 

Measurements  

The measurement of the crystal flow velocity is based on capturing two images with very short time interval. 

After this image analysis is used to track the movement of the crystals between the images. As the time interval 

and the movement of the crystals are accurately known, the flow velocity of the suspension can be estimated. 

The technique is demonstrated in sucrose boiling crystallization. The PCM system is installed to an industrial 

scale boiling pan to record the batch wise development of the crystal size distribution, number of crystals in 

the measurement volume and suspension flowability.  

 

Results 

Figure 1 presents the development of the mean crystal size for two batches characterized by different 

development. In the beginning crystals grow similarly in both batches. After 20 min the mean crystal size in 

batch A exceeds the level measured in batch B. A more obvious deviation in the growth trends takes place after 

50 min. The difference between the batches is obvious also in Fig. 2 showing the development of number of 

crystals in the measurement volume. Right after seeding the number of crystals is higher in batch A. After that 

the crystal count decreases. After the 20 min the number of crystals levels off and shows a slightly increasing 

trend towards the end of the batch. For batch B the growing trend for N after 20 min is more pronounced and 

the number of crystals remains higher over the rest of the batch. Fig. 3 presents the development of the 

suspension flowability. During the first 20 min the flowability is quite similar in both cases. After this a clear 

change is observed in batch B. The suspension velocity first increases and after that drops quickly. The increase 

in the flow velocity takes place as the mean crystal size is still growing but the number of crystals start to rise.  

 

The information of the suspension flowability is expected to improve the control in several ways. 1) The 

flowability can be used to characterize the local mixing conditions in the boiling pan. Higher mixing rate means 

more homogeneous suspension. 2) The information of the flow velocity can be used to estimate the statistical 

reliability of other data collected by the measurement system. The flow velocity approaching zero indicates 

lower number of statistically independent samples to the analysis. This is reflected in the large variation of the 

measured mean crystal size in the end of the batch. 3) The suspension flowability is related to the mixing 

energy, viscosity of the continuous phase and the properties of the solid phase (i.e. the crystal size distribution 

and concentration). This dependency is a topic of a further research, but in this paper some possibilities and 

implication of the results are discussed. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Development of the mean crystal size 

Figure 4. Example image of the crystal 
suspension at 30mim after the seeding. 

Figure 3. Development of the crystal suspension 
flow velocity 

Figure 2. Development of the number of crystals 
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1. Introduction  

Production of uniformly sized micro/nano particles of active pharmaceutical ingredients (APIs) is a common 

requirement for the pharmaceutical industry, as reduction of size enhances their solubility [1]. In the recent 

years, liquid antisolvent (LAS) process has become an attractive alternative route to micronization of APIs, 

especially those which are sparingly water soluble [1]. For the efficient production of smaller particles, it is 

necessary to engineer high and rapid supersaturation of the solid solute during crystallization. In the present 

work, the conditions required for high and rapid supersaturation of solids have been elucidated by considering 

a system comprising water (antisolvent) - ethanol (solvent) - cholesterol (solute). The addition of water entails 

substantial reduction in the solubilizing power of the solvent, which results in the precipitation of the solute. 

The process conditions that are expected to be strong determinants of the final particle size are temperature (T), 

antisolvent addition rate (AAR) to the solution, and initial solute concentration (ISC). The objective of the 

present work is to demonstrate experimentally the effect of these process parameters on particle size, and 

compare it with that predicted through modelling of the LAS process.  

 

2. Experimental Work 

In the present work supersaturation (S) of cholesterol is calculated as the ratio of its instantaneous mole fraction 

value (x3) to its equilibrium solubility (x3
*) in the water-ethanol mixture. The latter has been determined 

experimentally at different temperatures as well as in presence of varying mole fractions of antisolvent (x1) 

using the gravimetric method. For elucidating the effect of various process parameters on particle size, LAS 

crystallization experiments were performed at atmospheric pressure in a 1.0 lit. jacketed, glass vessel under 

continuous stirring (i.e. N=300 rpm). The process parameter ranges were chosen as follows: T (8-27 oC), AAR 

(2.0-9.9 g/min), and ISC (9.0-55% of solid solubility in pure solvent). For all experiments performed over these 

parametric ranges, the mode of addition was antisolvent to solution (of solute and solvent), the ratio of total 

volume of antisolvent added to that of the solution being maintained constant at ~ 2.3. The final average size 

of crystallized particles was determined using optical microscopy. Finally, for validating the LAS model, the 

experimental particle size was compared with the predicted value.  

 

3. Theoretical Framework 
Our experiments on parametric variations have shown that for the present system solute nucleation commences 

at relatively low levels of supersaturation ~ 1.1 ï 1.2, under such a low levels of supersaturation homogeneous 

nucleation is unlikely [2]. Hence, prediction of particle size for this system was carried out considering 

heterogeneous nucleation. The rate of heterogeneous nucleation (J) is given as follows [3]: 
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where S is the instantaneous solute supersaturation considering nucleation and growth, ɔsl is the interfacial 

energy between solid and liquid, and f (q) is the geometric correction factor which depends on the contact 

angle between solute and the foreign surface. The value of ɔsl was calculated using Youngôs equation by 

measuring the contact angle between cholesterol pellet and saturated solution of water-ethanol-cholesterol and 

it was found to be 13 mJ/m2 [2]. The crystal growth rate (G) can be written as [2]: 



= ( 1)g

gG k S-
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where, kg is the mass transfer coefficient, and g is the growth parameter. The algorithm for computing the 

particle size employing Eqns. 1 and 2, has been reported in our earlier work [3]. 

 

4. RESULTS AND DISCUSSION 

4.1. Equilibrium Solid Solubility  

 
Figure 1. Variation of equilibrium solubility (x3

*) 

with anti-solvent mole fraction (x1) at T=27oC. 

The variation of cholesterol solubility with antisolvent mole fraction in water-ethanol mixture at T=27 oC is 

shown in Fig. 1. It may be seen that there is significant antisolvency effect in presence of water, especially at 

x1>0.50. These data were further used for the calculation of instantaneous solid solute supersaturation. 
 

 

4.2. Effect of Process Conditions on Particle Size 
 

Effect of T. For the present system, it is observed that with increase in temperature from 8 to 27 oC (at an 

ISC=9.0 % of solid solubility and AAR=9.9 g/min), the average cholesterol particle size increases from ~ 1.8 

to 3.8 µm. With higher T, solute solubility is enhanced and hence lower average S obtains. Consequently, the 

rates of nucleation are lowered, leading to higher particle size. 
 

Effect of AAR.  Higher AAR leads to faster attainment of supersaturation, and this results in higher nucleation 

rate (Eq.1) and hence smaller particles are obtained. For an increment in AAR from 5.0 to 9.9 g/min (at ISC=9.0 

% of solid solubility and T=27 oC) the particle size changed from ~ 4.6 to ~3.8 µm.  
 

Effect of ISC. With an increase in ISC from 9.0 to 55.0% of solid solubility (at T=27 oC and AAR=9.9 g/min), 

the average cholesterol particle size was found to decrease from ~3.7 to ~2.8 µm. Higher ISC leads to a higher 

average S which in turn leads to higher nucleation rate (Eq. 1), and smaller particle size can be obtained. 

Theoretical prediction of particle size was performed for the similar conditions using regressed parametric 

values of kg = 0.5×10-5 m/s, g = 2, and f(ɗ) = 0.01. For an increase in ISC over the same range (i.e., 9.0 to 55.0% 

of solid solubility) the computed particle size showed a decrease from 4.2 to 2.2 µm.  
 

Effect of Mode of Addition. Lastly, in order to demonstrate the effect of the mode of addition a select 

experiment was performed by adding solution to antisolvent, i.e., reverse of that followed in the foregoing 

experiments. Fig. 2 shows the microscopic images of particles obtained by using the two opposite modes of 

addition. As seen, a change in the mode of addition alters the particle morphology from plate to cubic shaped. 

Further, this also changes the particle size. With the antisolvent added to solution the particle size was ~3.8 

µm, while for the reverse mode it was to ~1.2 µm.  



         (a)  

 
           (b)  

Figure 2. Microscopic images of precipitated cholesterol particles when mode of addition is (a) antisolvent to solution, 

and (b) solution to antisolvent at constant ISC=9.0% of solid solubility, AR=9.9 g/min, and T=27 oC. 
 

Similar effect of all the above mentioned parameters on particle size has been reported for other systems [4, 5]. 

The present work thus suggests that, lower T, higher AAR, and higher ISC, and adding solution to antisolvent 

yields smaller solute particles. In addition, the coupled heterogeneous nucleation and crystal growth model 

provides a particle size that is in reasonable agreement with that observed experimentally. 
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Introduction:  

 From the perspectives of environmental protection and economy, it is more and more attractive to 

researchers to recycle the industrial byproduct gypsums to prepare calcium sulfate hemihydrate (HH) whiskers 

by the hydrothermal method. However, it is known that industrial gypsum contains many kinds of impurities 

which have significant effects on the nucleation, growth or phase transformation of calcium sulfate [1]. The 

literature review shows that Al3+ is one of the most important impurities in industrial gypsum, so the effects of 

Al 3+ should be studied. Previous studies indicate that the selective adsorption of the impurities onto different 

crystal faces plays an important role in the modification effect of the impurities [2,3]. Recently, molecular 

dynamics (MD) method have been applied to investigate the interactions between foreign substances and 

crystals [4], the results revealed that the MD method can be used to study in detail modification effects of 

impurities at atomistic level that may not be accessible by experimental techniques. This paper is aimed to 

study the effects of aluminium ions on HH by MD and experimental method.  

It was found that Al3+ had inhibitation effect on 

hydrothermal formation of HH. Whiskers with the 

average length of 152 ɛm and the average diameter 

of 1.38ɛm were synthesized by hydrothemal method 

in the absence of Al3+ ion (Figure 1a). However, with 

the increase of the Al3+ concentration to 1×10-2 

mol·L-1, short rod-like HH (Figure 1d) with the 

average length of 45 ɛm and the average diameter of 

8.56 ɛm was synthesized, which suggested that the 

presence of Al3+ ion had significantly influence on 

the morphology of HH. Moreover, Al3+ adsorption 

on the top crystal surface, which inhibited the growth 

of HH along c axial, was comfirmed by Energy-

dispersive X-ray spectrometer (EDS) and 

inductively coupled plasma atomic emission 

spectrometry instrument (ICP-AES). 

 
Figure 1. Influence of Al3+ on HH morphology: (a) 0 

mol·L-1, (b) 2×10-3 mol·L-1, (c) 4×10-3 mol·L-1, (d) 

1×10-2 mol·L-1. 



A combined system of solution and crystal surface 

was built to verify the interaction mechanism of   

solution with crystal surface [5]. The intensity of 

interaction between ions with crystal was evaluated by 

Binding energy (Eb) which reflects the intermolecular 

interactions between solution and crystal [6]. The MD 

simulation results show that the Eb between Al3+  

solution and (002) face is larger than other faces 

(Figure 2) and also larger than the Eb between Ca2+ 

solution and crystal face. In addition, the Eb between 

the Ca2+ solution with (110) face is larger than Al3+ 

solution. The results suggested that Al3+ was 

preferentially adsorbed on (002) face and inhibited the 

growth of HH along c axial, thus HH grew along the 

radial direction, leading to the HH change from slim 

whisker to short rod-like, which matched well with the 

experimental results (Figure 1d). The experimental and MD simulation results indicate that the adsorption of 

Al 3+ inhibitates the 1-D growth of calcium sulfate hemihydrate, which leads to the formation of short rod-like 

HH.  

 

 

 
 

Figure 3. Schematic drawing of adsorption of Al3+ on HH. 
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2. Introduction  

Mineral crystallization fouling and deposition of mineral particles such as calcium carbonate (CaCO3), 

associated with the presence of suspended matters in cooling water, occur on the surfaces of cooling circuits 

and can lead to the formation of hard scale layers. This is a major issue in industrial production, particularly in 

energy-intensive operations [1, 2]. In these processes, CaCO3 precipitation and/or deposition is due to the 

evaporation of water in cooling towers resulting in higher concentrations of dissolved salts (especially calcium 

and bicarbonate) and also of suspended matter. Increases in water temperature promote calcium carbonate 

precipitation both kinetically (increase of reaction kinetics) and thermodynamically (decreased solubility). 

Fouling and/or scale deposition can cause technical problems, such as reduced heat transfer efficiency and 

partial or total clogging of heat exchangers and pipes. From an economic perspective, the preventive and control 

actions can also increase operational costs. Previous works have shown that measurement of crystal growth on 

surfaces of seeds by the constant composition method is suitable for the study of crystallization processes at 

constant supersaturation [3, 4, 5]. In this study, the emphasis is placed on the transposition, at the scale of a 

large capacity reactor, of the constant composition method for crystallization fouling of calcium carbonate on 

the heat exchange materials. The goal is to replicate experimentally the operating conditions of recirculating 

cooling water systems, especially with respect to the supersaturation range, presence of suspended matters 

(such as illite, silica, calcite) and temperature range encountered, as well as the polymeric scale inhibitors used 

in these circuits. 

 

1. Experimental methods 

Using the constant composition method [5], an initial supersaturated solution was prepared by mixing two 

solutions of dihydrate calcium chloride and anhydrous sodium carbonate in a stirred reactor. Sodium chloride, 

analytical grade, was also added to the solution in order to maintain a constant ionic strength. All experiments 

were conducted in a 1000 mL double walled jacketed glass reactor equipped with a PTFE propeller and 4 

baffles. The temperature within the reactor was kept constant by means of thermostat circulating water. Two 

reactant solutions (Ca2+ and CO3
2-), connected to 905 Titrando (Metrohm) burettes and the Tiamo 2.5 remote 

control software, were used to compensate pH decreases resulting from the depletion of Ca2+ and CO3
2- in the 

working solution due to the CaCO3 precipitation reaction. The pH was kept constant in the reactor by 

simultaneously adding measured volumes of the two reactant solutions. The injected volume of each reactant 

solution and the pH in the reactor were recorded over time to allow determination of the growth kinetics of the 

calcite seed crystals introduced into the supersaturated solution. For the experiments performed with inhibitors, 

the additive (citric or copolycarboxylic) is added directly into the working solution to reach a 0.5 mg.L-1 final 

concentration of active matter. 

 PVC material is used as heat exchange material in the experiments. This PVC material is immersed in the 

constant composition precipitation reactor in the presence or absence of copolycarboxylic additive in the 

working solution. The pH of the working solution is adjusted to 8.5 either with 1 M hydrochloric acid or with 

1 M sodium hydroxide depending on the value measured in the working solution. 

 

2. Results 

At 25°C and supersaturation 5, increasing the calcite seed (suspended matter) concentration in the cooling water 

increases the growth rate of the calcium carbonate crystals. This increase can be explained by the increase in 



the number of growth sites brought by the increase in the quantity of seeds. Under the same experiment 

conditions, a higher calcium carbonate crystal growth rate occurs in the presence of calcite seeds (Rcalcite = 6.29 

10-4 mol.m-2.min-1) than in the presence of the other seeds, illite and silica respectively (Rsilica = 5.29 10-4 mol.m-

2.min-1, Rillite = 1.19 10-4 mol.m-2.min-1). This difference can be explained by the different activation energy 

specific to the seed type. In the range of water temperature observed in a cooling circuit (25°C to 45°C), the 

growth rate of the calcium carbonate crystals on the calcite seeds increases with increasing temperature (R25 °C 

= 6.45 10-4 mol.m-2.min-1, R35 °C = 7.93 10-4 mol.m-2.min-1, R45 °C = 2.71 10-3 mol. m-2.min-1). The experimental 

value of activation energy corresponding to this variation of calcium carbonate crystals growth rate is about 

56.3 kJ.mol-1 which is within the range of values reported in the literature [6, 7]. In industrial systems, the 

coolant temperature fluctuates and the calcite growth rate could vary accordingly, increasing the probability of 

more substantial deposition towards the end of the flow circuit. The results of the laboratory tests carried out 

at 35°C, in presence of 100 mg.L-1 of calcite seed with two additives, citric and copolycarboxylic, at a 

concentration of 0.5 mg.L-1 of active matter, show that the use of these additives reduces substantially the 

calcium carbonate crystals growth rate, in particular for copolycarboxylic additive (Rcitric = 4.43 10-4 mol.m-

2.min-1 and Rcopolycarboxylic = 2.71 10-5 mol.m-2.min-1). The inhibition rate corresponding to the use of citric and 

copolycarboxylic additives, is estimated respectively at 44 % and 96.6 %. This efficiency difference can be 

explained by the difference in the number of carboxylic functional groups contained in each additive [8] or by 

the difference in the molecular weight between these two additives. The affinity constant (Ka) values of the 

substrate for the inhibitor ion for the citric and copolycarboxylic additives, are estimated respectively at 3.2 106 

L.mol-1 and 1.1 108 L.mol-1. The experiments performed in the range of temperatures 25°C to 45°C with 100 

mg.L-1 calcite seeds, using citric and copolycarboxylic additives at 0.5 mg.L-1 of active matter, show that the 

inhibition rate decreases with increasing solution temperature regardless the type of additive used. Both 

tendencies are in agreement with those observed in pilot plant experiments [1]. The experimental activation 

energies obtained are, respectively, 66.2 kJ mol-1 for citric additive and 96.4 kJ mol-1 for copolycarboxylic 

additive. In order to study the crystalline fouling on the PVC material constituting the heat exchange surface, 

a sample of PVC plate is immersed in the reactor of constant composition instead of seeds. For the experiments 

performed at 35 °C with the supersaturation 5, the calcium carbonate crystals growth rate on the PVC immersed 

surface is evaluated at 9.55 10-4 mol.m-2.min-1. The presence of calcite crystals deposits is confirmed by 

scanning electron microscopy (see photographs below). In the presence of copolycaboxylic additive at 0.5 

mg.L-1 of active matter, the crystals growth rate on the PVC immersed surface is reduced drastically to 1.85 10-

5 mol.m-2.min-1. The calcium carbonate crystallized fouling inhibition on the PVC surface is estimated at 98 % 

with an affinity constant value Ka = 2.0 108 L.mol-1. It should be noted that this affinity constant value is 

relatively close to the value obtained with calcite seed in the solution. 

                                    
Reference PVC material (x 1000)              PVC material after 4 h experiment,                      PVC material after 4 h experiment, 

in absence of seed and additive in solution (x1000)   in absence of seed with polymeric additive (x1000) 
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