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Abstract:

An instrument for measurement of face specific growth kinetiasyatals growing in a solution is
developed and applied to crystallization of sodium nitrate (N&NdDd potassium dihydrogen
phosphate (KEPQw, KDP). The device consists of three major components, a stempinsaging
system that captures in real-time the size change in eaehdfrection of the crystal, an ATR-FTIR
probe measuring solution concentration and supersaturation, and a small purposetdegstaibzer
that allows a crystal to be fixed in the solution and adequéai¢icso mixing so the concentration
measured can reflect the solution concentration near the sudbttes crystal. The growth rates of all
independent faces of NaN@nd KDP crystals were derived at each time interval. For #eChl
crystal, growth rates in the temperature range of 298.15 ~ 318.15 K and supéosatange of 0.01
~ 0.11 were measured, enabling a systematic kinetic study. FdDiherystal, the growth rates were

measured just to show the capability of the systehandling crystals with different morpholeg

Keywords. non-invasive stereovision imaging, 3D shape reconstruction, facdicmgowth rate,

sodium nitrate, potassium dihydrogen phosphate



Introduction

Crystal morphology can hava major impact on subsequent processing of crystals after
crystallization such as in filtration and drying. It may alseetfisuch properties as flowability, bulk
density, drug solubility and bioavailability. Therefore engineering arysitape and crystal shape
distribution (CShD) is an important direction of research in solut'rgetailizatio Advances in
measurement, modeling and closed-loop control of crystal shape and CShD is recientl

Crystal morphology can be manipulated by the type of solvents used {allczgson, crystal
growth modifiers (impurities), and other operating conditions including supeitsatugad stirring
and mixing. An instrument that can be used to measure face spgoifith rate and growth kinetics
can be a useful tool in selection of solvents and in understanding gaetiraf crystal growth
modifiers and impurities on crystal growth. They are also essemtibdeling and simulation using
morphological population balance models of the growth behavior for a poputdtionystals in a
crystallization proce

This paper describes a novel design of instrument for measurirfigcthepecific growth rates
and growth kinetics. It consists of a flowcell with a u-tube, a tadtits pump, two thermostatic
water-circulator baths with two jacket beakers and two magegtiers, and a 3D imaging system
and an ATR-FTIRprobe In the following, relevant previous work will be firstly reviewedenhthe
instrument configuration and methodology will be described in detail,wetloby results and

discussion section and the conclusions.

Previouswork

Previous work on measurement of crystal growth kinetics will be reviewedrding to the
hydrodynamic conditions under which seed crystals are grbawm seed crystals are mounted, and
the instrument that measures the crystal growth.

Some previous studies were carried out using growth cells where th®rsokemains static

without mixing or flow?°|Such simple configuration can be achieved using a thermostte bath

or hot-stage. Supersaturation is controlled via manipulation of solutiopetatare. Apparently
solute aroundh seed crystal would be consumed as a result of crystal growth, causiggrieration
of concentration gradient around the seed crystal. Agitation can bheosed the seed crystal for the

maintenance of a homogeneous solution condition, i.e. supersaturation in sesieH@vever, this
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would bringa complicated flow field around the crystal, hence making it diffitminalyze the effect

of solution flow on the growth of the seed cry@ﬁome other work utilized pipelines to construct

solution circulation system with mechanical agitationagueristaltic pump to provig&°|A seed

crystal was fixed onto one of the pipelines, around which the solutiorgeveeally set as laminar
flow. This then made it possible to set an angle between ceryataldace and the solution flow. The
influence of solution flow on the growth of seed crystals could be easily analyzed

The seed crystal needs to be mounted, otherwise the measuring desicéo move
synchronously with the moving and/or rotating seed crystal, which isuliffo achieve. In literature,
three methods for mounting a crystal were reported: gluing with anieelhéging with external
energy or force, and absorbing on a certain surface. In the first matholdent-proof adhesive was

coated on the tip dd thin glass stick or metal wire, e.g. platinum wire, stainggesl wire, with the

seed crystal sticking on/it¥The seed crystal size would not be a factor to limit the apiolicaf

this method. But impurity may be introduced in the system, which miayence the underlying
growth mechanism and thus growth rate of the seed crystal. In the seetinod a crystal was
mounted with external energy or force. Several approaches were refeedpproach is that a hot
metal wire was contaetl with or penetrated into the seed crystal, with the later pgrireelted and
then crystallized and fixed on the metal wire when cooling @(ﬁrystals with low melting point as
well as a stable crystal form are suitable for this methoch@sséed crystals may not be easily
changed under the high temperature of the hot metal wire. Howeseseéd crystals may undertake
severe deformation during the melting process, which could changeysial @ize and shape. In
another approach the seed crystal was pierced with an extrenmejgttbf wator other devi
and then a platinum wire or string was passed through the resulting haevakfls the crystal was
grown for a short time period in order to fix it on the wire. Though impuritykeptan be avoided,
this approach is not suitable for fragile crystals. Speciatgleould also be designed to hold the seed
crystaHowever, the clamp itself could block the vision of the microsak bring pressure for
the seed crystal which can affect the crystal growth. In the third agprogstals absorbed on the
wall of the growth cell in a spontaneous nucleation process were askseed crystWith no
impurity uptake and no crystal shape destruction, this method seemasdeal but the position of
absorbed crystals is decided by the nucleation process, which cannotde¢ @ne manually changed.

Success largely depends on the probability of nucleation and thatgagdhe nucleus adsorption on
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the vessel wall in the spontaneously nucleation process. Promigangvement of this method may
be achieved by certain modification of the growth cell wall to increase the pitybatinucleation on
the modified site, which may be a doping of another material or cludiriige nanostructure of certain
site on the wall surface. As we all know, surface plays an ipiordle in heterogeneous nucleation,
which enables rational design of growth cell surfaces for controlling nucleation frono -@ t
Measurement of single crystal growth can be classified accorditiige ttiechnique being offline
or online An offline method typically measures the size and weighteeti<rystals at the beginning
and end of the experiment, then average growth rate can be e tdde growing process is
nonlinear or follows certain pattertne off-line technique can give errors in estimation. Also, crystal
sizes may change slightly in the drying process after the expetriattribute to the hygroscopiciby
the crystal or mechanical damaggading to errors in the measurement of actual crystal sizesieOnli
measurement provides more detailed information of crystal growing pesc@ssanalytical balance

was once used to measure weight change of a seed crystal durgrgviieg process with the seed

crystal being hanged on the balance with a gifitg.Agitation was stopped temporarily when

measuring the weight of the seed crystal with the solution buoyancy being reckossdyrMath rate
of the seed crystal can be obtained in this method, but facdisgeoivth rate cannot. Most widely

used device for the online measurement of single crystal growtls naieroscope along wita CCD

camer] 1418 A transparent optical window was set through which the microscope waitimghe

CCD camera could observe and record the images of seed crystas time. But this method also
has its limitations, that is, only a certain crystal face @ambasured at a time and this face has to be
parallel to the focusing plane of the camera. Other online meagieinges like Moire phase shift
interferometr laser interferomet Michelson interferomet%l and model identification
approawere also applied in investigations of crystal growth rates andidésn&an Driessche et
alprovided an excellent review of measurement techniques of crystal growth kinegtics 2008.
The major difference of the current design of a device for measunrstakcgrowth kinetics is
that here stereovision imaging technique is used that allesvgrowth rates of all individual crystal
faces to be simultaneously measured. The stereovision imagmgvate proposed by Wang eI.
and tested by Ma etHland Zhang et in proof-of-concept studiesThe Stereovisioll imaging
system was developed by Pharmavision (www.pharmavision-ltd.com).ndiedevice builds on

previous work reviewed, has given detailed considerations in crystal mounting, mixingvand fl
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For 1D (needles) and 2D (thin plates) single crystals, their growth kinatidsecmeasured by a
single CCD camera providing that the crystals are parallel tortage plane of the camera. In order
to demonstrate the merits of the proposed device and methodology, i.e. growtbs kafeall
characteristic faces can be measured simultaneously, a 3Bl ¢vyish at least three crystallographic
independent faces) is preferred for a case study.

The selected case study chemicals for crystallization areursodiitrate and potassium
dihydrogen phosphate (KDP) with the former discussed in more detaihindater. A valuable study
on the growth behavior of sodium nitrate crystals was reported by BeNdge et , though they
only examined growth rates of NaNQL04) face at low supersaturatiors< 0.01) undera narrow
temperature range @88.0~297.5K. The influence of hydrodynamics on crystallographic equivalent
(104 face was investigated. In the current study, the face spegifiwth rates of NaN@single
crystals were studied systematically under a wide superSatureange of 0.01 ~ 0.11 and
temperature range of 298.15318.15K. Sodium nitrate (analytical grade) was purchased from
Aladdin Industrial Inc. and used without further purification. The solubdlityve of NaNQs;in water

determined by Xu and Pru@was applied in this study.
X =0.0022x T - 0.1757 (2)

where X represent for the mass fractiand T is the absolute temperature. The temperature range of

solubility equation (Eq. 1) is 278.15 ~ 323.15K (R1).

The Device
Figure 1 is a schematic of the device. It consists of fiveongrts: a flowcell with a u-tube, a

peristaltic pump, two thermostatic water-circulator baths with jacket beakers and two magnetic
stirrers, a 3D imaging system, aadATR-FTIR probe.

The flowcell is made of quartz glass, with the upper side open andedovga silicone pad. A
platinum resistance thermocouple (PT100) and the crystal holder wereedng®d the flowcell
through the silicone pad. The seed crystal was glued on the tip a€tineme wire (diameter 0.3 mm)
on the crystal holder with transparent epoxy adhesive. The unsaturated solution was stored in the
magnetically stirred solution reservoir (Jacket Beaker 1) withensperature being controlled by

Julabo FP51-SL thermostatic water-circulator bath 1. The solatnnentration was monitored and
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recorded by a Mettler-Toledo ReactlR 15 ATR-FTIR probe. The solution cairdutated through
jacket beaker 2, the flowcell and u-tube and back to the soluéiservoir at different flow rates
actuated by a BT100-2J peristaltic pump. The jacket beaker 2 servadcaasling bath which
regulated the temperature (or supersaturation) of the solution tottipeisewhen arriving at the
thermocouple in the flowcell. The temperature in jacket beakea2centrolled by Julabo FP51-SL
thermostatic water-circulator bath 2. The temperature in the flowcebeaead and recorded aRPC
through the thermocouple using the Julabo Easyfesoftware. The 3D imaging block and LED
lights were on both sides of the transparent flowcell to obsemteexord the growing crystarhe

part of the flowcell surface not invad in the image capturing process was covered by thermal
insulators to prevent temperature oscillations

The flowcell was designed as a long narrow rectangle to ensure a sbaatdyn flow at the seed
crystal side. Thermostatic water-circulator bath 2 (the codiaty) was used to enable the slightly
undersaturateddution in the reservoir (at a relative high temperature) to becopersaturated after
flowing through the cooling bath which will effectively prevent fhessible burst nucleation in the
solution reservoir if the solution was supersaturated. The u-tube sustisslution level to the top
of the flowcell.

The concept of 3D imaging system, which uses stereo camernaair(af cameras) for the
reconstruction of 3D vision is directly related to the binocular visiomwhan beings, i.e. two
cameras mimics our left and right eyes and 3D reconstruction softwiaresmthe fast image
processing of our brain. The stereo imaging system consists of a 3§ngmialock (two IDS
UI-2240SE-M-GL cameras with two telecentric lenses and idénspacifications), a strobe
control/pulse generator for synchronising cameras and lights, a light sauligat controller with
strobe triggering pulse for synchronising cameras and lights, and a POmaigle acquisition
software and image processing software for 3D shape reconstructiopoatigrocessing. The
imaging system can capture up to 5 frames per second withneagé having a resolution of 1280 x
1024 pixels.This pixel size represents an actual area of 3000 um x 2400 um, which is obtained
through a calibration process using a 1000 pum scale plate, resulting in an actual pixel resolution of the

3D imaging system to be 2.34 pm/pixel.



Application of the Device and itslimitations
The seed crystal

The seed crystal mustn’t exceed the vision range of the selected cameras, which is 3 &
mm in size. Otherwise, cameras with wider views should be usediZEhefshe seed crystal in this
study is about 1.0 x 1.0 x 0.5 Min$eed crystal of this size is very convenient to be mounted onto the
nichrome wire (diameter 0.3 mm) under 5X microscope. Smaller seed sstahore difficult to be
mounted, as it needs to be handled very carefully under a microstbgarger magnification. Since
the seed crystal is glued on the crystal holder, there arienitations on the shape of the crystal, or
the number of crystal faces. But it should be noted that every chatictace needs to have a clear
view in both cameras of the system.

Orientations or angles between the crystal faces and solutiordifteation could have influence
on crystal growth. As a result, the seed crystals need to be fixecediaa orientation as to ensure

the comparability between experiments. The importance of ciyséaltation relative to the solution

flow is well documented in literatué3!Observations of growth bands in natural g@saggested

that upstream crystal faces possess a higher growth rate, whickemasdmfirmed in experiments on

ammoniumdihydrogen phosphate (AD#}° Prieto et considered three orientations in the

growth of ADP crystals: normal facing to the flow, parallel to tbevfand in downstream position or
‘in the shade’. In the ‘shade’ position, experiments showed lower growth rate. Sizaret@ploposed
an original model to predict crystal growth rates when volume diffusion dtesind his
hydrodynamic model of diffusion through boundary layers allows to derivenamgtigally equation
for the local growth rate along a crystal face. The main parammtéolling the final crystal shape is
the angle between the face and flow direction. The growth rateadesrdownstream along the faces
and modifies the crystal wall orientation. In summary, fixing theraation of the seed crystals is of
great importance.

With up to 5 captured frames per second, the system can meet tie afegeneral crystal
growth measurement. To achieve an accurate measurement requirddehst eertain number of,
say, 5 frames were captured during the whole growing process. With thet @@lextion of cameras
(with a view of 3 x2.4 mn¥) and seed crystals (1.01x0 x 0.5 mn?), the system will be accurate if
the growth rate of each face does not exceedu#0f. If the system is still not accurate for a certain

crystal, the cameras can be replaced by high speed cameras that captareeese frames per sec.
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The solution

The solute mass needed is decided by the solubility and concantiaatiges to be examined, as
well as the number of experiments to be performed. The volumesedfiathicell and solution
reservoir (jacket beaker) are 30 ml and 250 ml, respectively. Accouftinthe volume of the
silicone pipe used, solution needed for a single experiment is al®utl28nd solution with higher
concentration can be obtained by adding the required amount of soluéesmlution used in former
experiment as the solute depletion caused by seed crystal growtleismait and can be neglected.
In this way, the solute depletion during the whole experiment hwllreduced to the minimum.
Furthermore, the volume of the solution reservoir can be adjusted by siembécing the jacket
beaker. Of course, more solution is preferred to minimize the inBuehseed crystal growth on

solution concentration.

If only the silicone pad and pipe and the adhesive used in mountihg sked crystals do not

dissolve in the solution, the system is applicable for any solubility systesobuent.

The adhesive

The seed crystal mustn’t react with or dissolve in the adhesive used. For example, AIBN (2,
2-azobisisobutyronitrile) crystals, often used as a foamer in plastidsrubber and as a radical
initiator, is soluble in the two-component epoxy adhesive used insthdy. So, other mounting

method or suitable adhesive should be used.

Temperature range

The silicone pad and pipe used in the system can work with getatare range d263.15~
423.15 K. So the device should be operated within this solution temperathgre. Otherwise, the
parts of the device mentioned above should be replaced with better tempeesistant materials.
Ambient temperature is better not to exceed the solution tetapetay 5 K, because, otherwise, fog
droplets will form on the surface of the flowcell due to the humiditthe environment, hence
blurring the view of the CCD cameras. And a purging system (e)gisNneeded to dry out the

flowcell wall.



Number of experiments

The number of experiments needed to study a system is not fixkhdhds on the temperature
and supersaturation ranges. In the NaN&se study, 62 successful experiments at 27 conditions were
carried out. As a general rule, it is better to have at leastita points to fit a curve. And within the
temperature range studied (298.15 ~ 318.15 K) at least 3 temperatureshehexdnined (298.15 K,
308.15 K and 318.15 K). That makes 15 conditions in total. Suppose one expesicened out for
one condition, at least 15 experiments are needed for the tempexatuipersaturation ranges

studied. It is suggested to have several experiments for one condition and usesailje \zlae.

Concentration Model

An attenuated total reflectance-Fourier transform infrared (ATR-FTIRjumgnt, ReactIRL5
from Mettler-Toledo Ltd., was employed to monitor the NaN@ution concentration in real time.
The system was set to record the average value of 125 speetya30 s. Calibration experiments
were carried out to collect data for predictive model developnmeativance. The calibration data
used for model development cont&ihl03 spectra with a temperature range of 278.B63:15K
and a concentration range of 0.05015.35630 g/gAs shown in Table 1, every temperature value in
line 1 stands for two temperatures, e.g. 10 stands for 283.15 K and 288.15d&td neas composed
of two variables sections X and Y. The X variables were the wan®ers and temperature, whereas
the Y variable was the solution concentration. Figure 2 shows the ATRgpEctra of sodium nitrate
solution with different temperatures under a fixed concentration of @.3%gd different
concentrations at a fixed temperature of 308.15K. The plot illusttaesdependence of IR
absorbance of sodium nitrate solution on temperature and concentratipectivedy. The IR
absorbance of sodium nitrate solution has an apparg@usitive correlation with the solution
concentration and an inconspicuously negative correlation with thesotetnperature. The peaks at
wavenumber 1356 and 10490 were chosen as the characteristic absorption bands which change

significantly with the solution conditions.

Partial least square regression (Plgﬁwas used to construct the predictive model of solution
concentration. The data was randomly divided into two sets,rdiméng dataset (91 spectra) for
calibration model development and the test dataset (12 spémtrajodel verification, which are

illustrated in Table 1 as grey cells and cells with letter "v", respagtiv
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The R-square values of training and test data are 0.99998 and 0.99995, regpéidtie
prediction results of the test data are coincided with theabhealues, meaning that the model works
accurately. Root mean square error of prediction (RMSEP) for solution coticentré test data,

using PLS models is 0.00307 g/g, whiclaisin acceptable level for this work.

Procedure
Preparation and Mounting of Seed Crystals

Mounting a seed crystal is another key step which distinguishes thendgsim previous work

without solution floyf9NaNQs seed crystals were grown by natural cooling of a saturated sdlution

a Petri dish at about 293 K, which takes half an hGuystals less than 1.0 X0 x 0.5 mn?® were
picked up with tweezers onto a filter paper and the solution omrykaksurface were absorbed with
a handkerchief papethen dried and stored in a 323.15 K drying oven. The best ones wetleoglue
the tip of a nichrome wire (diameter 0.3mm) on the crystal holdér avitvo-component transparent
epoxy adhesive under an Olympus BX51 Microscope. This will ensure thatydtal was properly
mounted on the crystal holder. Figi8 is an illustration of the orientation of the mounted NaNO
crystal in the flowell. The rhombohedral shape of the seed crystal makes it impossihkvéo
concurrently, a face completely parallel to the solution flow anather one perpendicular to it. But
for the convenience of 3D imaging system observation and simplicttyeoNaNQ crystal growth
hydrodynamics, the seed crystals were mounted in such a way tlia@4hdace parallelto the flow
direction. Thus the(114) and (014) faces forman angle of approximately 86° and 13° with respect

to the solution flow direction, respectively, as shown in Figure 3.

Batch Experiments

For each batch experiment, the required amount of sodium nitrate andze@iovater were
weighted to prepare about 370g solution which was then poured intoldtiers reservoir (Figure 1)
with a magnetic stirrer operating at a speed of 100 rpm. With thBamtate of the peristaltic pump
being20 rpm, the solutiorilew through the flowcell at an average speed of 0.2016 cm/s. The resulting
Reynolds number of the flowas 38.94 hencea laminar flow. The solution temperature in the
reservoir was set to be 10 K higher than the setting temperattire flowcell (measured by PT100)

The temperature in the cooling bath was changed until the measmgérature in the flowcell
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reached there-setting value. Before inserted into the flowcell, the mountestaryvas put in water

for a few seconds. This will dissolve a thin layer of the crylste¢s, hence avoiding the possible
surface defects and contaminations as much as possible. Afterséngon of the seed crystal, the
position of 3D imaging block and LED lights were adjusted to obtaimad gview of all three
representative crystal faces. Image pairs of the growing sgstdlovere captured and recorded with

the 3D Stereovisidh software developed by PharmaVision Léd.achosen time interval (ranging

from 1 ~ 100s, depending on the magnitude of the growth rate concerned). To reduce the
computational time, about 50 pairs of images were chosen with émeainterval throughout each
batch for performing image analysis, 3D reconstruction and post-proces@Rrgyaoct face specific

growth rates.

Image Analysis and 3D Reconstruction

Each image of the recorded image pairs needs to experieveslsenage processing steps

including pre-processing such as the image contrast adjustment,cedgefextractiof¥>*°and the

identification of edge/corner correspondence for 3D reconstruction. Crystale&omimage of an
image pair can be identified and numbered by using the multi-sgieesitation meth@for further
processing to obtain 3D shape information. Different features of diffengstal shapes such as
needle-like, plate-like, rod-like etc. were taken into accdonestablish corner correspondence
between the identified crystal pairs, avoiding the search ofvtide image to obtain the matched
corners, hence improving image processing efficiency and quality.

After the stereo matching procedure, which acquired the correspondeheeidértified crystal

corners in the paired images, the 3D reconstruction of the crystaltifroroorrespondence can be

achieved by using the triangulation met}#6¢f{ The 3D coordinates (X, Y, Z) of a corner is a function

of the projection coordinates in the two 2D imagesyix %, ¥»), stereo angled( 22 degrees), the total
distance (L, 147.726 mm) between a subject and camera, other propetties sasolutiond, 2.34

um), magnification 4, 2 times) etc. The total distance L includes the working distandehe length
of the lens, and camera flange focal distance. The obtained equatidhef calculation of 3D

coordinates of a corner or point from the two 2D images is as fows.
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)

where a 54.5mm. With the reconstructed 3D coordinates, the crystal shape, size anddhgios,
hence face specific growth rates, can be calallate

Figure 4 is the equilibrium morphology of NabkiPredicted by Benegas-ViI@,which is also
obtained in this study. The six faces of a rhombohedral Nad¥gtal can be classified to three
groups of crystallographically equivalent faces, i.e. {404}, two {114} and two {014} faces.

The normal distance from the crystal center to each individual tifggta can be calculated as

follows.
|BE|
Naos = 35067 (3A)
|AE|
N(TM') - 2siny (SB)
ICE|
N(OI4) - 2sina (3C)
where
r = /1 — cos?a — cos2f — cosZy + 2cosacosPcosy 4)

and the value ofa, p andy (Figure 4 are 90.57°, 102.P2and 102.72°, respectively, following

Benegas-Vilais workTake point B(X, Y, Z) and E(@ Yo, Zo) as an example, the distance between

two points in 3D space can be expressed as

IBE| = (X = X)? + (Y — Yp)? + (Z — Z,)? (5)

|AE| and |CE| can be calculated in the same way.

Results and Discussions
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In order to investigate the dependence of face specific growth ratedivaflual NaNQ crystal
faces on the growing environment, 62 successful batch experiments undere?@ntifiperating
conditions were conducted. The temperature range of the experim@®8.15 ~318.15K with an
interval of 5 K. The corresponding relative supersaturation ranges frdmt®®11. The specific
range of relative supersaturation for different solution temperatuaeesvdepending on the
metastable zone width (MSZVd} the corresponding temperatufes spontaneous nucleation happens

beyond a certain supersaturation level, higher supersaturations (> 0.11) were not covered.

Calculation of Relative Supersaturation
For electrolyte solutions, the supersaturation expressed by commonlyexsessions, i.e.,
based on the calculation from solution concentrations, may incur errorsainingtthe relationships

of supersaturation and crystal growth rates. Therefore, it is neceesggorporate the number of

A40:4

ions, into which a molecule dissociates, in the expressions of supersattration.

The supersaturation of the solution is defined as:

—q%l
ANaNO3~%NaNO;

O=—eq (6)

ANaNoO;

where ayqno, is the solution ionic activity of the batch experiment axm,vos is the activity of the

solution at equilibrium or saturated statitghe corresponding temperatufiedne numerator of Eq. 6
contains the actual value of Nahl@oncentration in terms of molality. Solution activity is obtained
through the calculation of mean activity coefficient, which iselshon the work of ArchThe
software PhreeqC that uses Pitzer equ@msestimate the activity coefficients could have been
used , but in Archer’s pa@rit was stated that Pitzer's equations for the excess Gibbs energy per
kg of water, which characterizes interactions amongst ions and solvent, occasionally give
unsatisfactory representation of experimental data. So Archer provided an alternative which is a
modification of Pitzer's equation, and applied it in several systems, e.g. V\@Nacm-bo

NaNG+ H2 It was found by Archer that the modified Pitzer’s equations fitted well with
experimental data. As a result, in this study for the NaNB,O system, Archer’s modified

Pitzer models, instead of Pitzer's equations, were used.
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The mean activity coefficient is calculated as a functiomefsblution ionic strength and its molality
at the temperature of interest. The parameters used in thdatalt are obtained by performing
spline interpolation to the parameters between 273.15 K and 3K3asgiven in Archer’s pape
Supersaturations calculated by Eq. 6 and traditional expresstoriC — C¢9)/C®9, where C is the
solution concentration and®? is the saturated solution concentration at the corresponding
temperature, are both listed in Table 2 for comparison purpose.

It can be seen from Table 2 that supersaturation calculated Wy iEdemperature-dependent,
which is totally different from the traditional expression. It methat the same supersaturation from
traditional expression differs slightly when Eq. 6 is applied at reiffe temperatures. The slight
differencesmay be ignored in some cases that do not need so accurate supeosataats, hence
their arithmetic mean values can be used as the batch ragpésiwere initially designed to use the
traditional supersaturation expression. However, when the supernsaturads used in the

relationships with growth rates, the accurate values were applied.

3D Reconstruction and Estimation of Face Specific Growth Rates

With the left and right camera of the 3D imaging system, imafjf®e growing seed crystal can
be taken from two different directions, simultaneously. Typiocsge pairs obtained from a batch
experiment (T: 298.15 8.30K; C: 0.94+ 0.01g/g; 6: 0.03067% are shown in Figure 5. The growth
tendency of the seed crystal over time is quite clear. Roughcewtavered the seed crystal at the
initial stage due to mechanical damage or adhesive contapmnatithe drying and mounting
processes, but it was gradually recovered to smooth surface during the procgstsiog@wth.

The temperature, concentration and supersaturation curves ofrtheezperiment are shown in
Figure 6. The fluctuation range of temperature in the flow cetDi8 K, which is atan acceptable
level for this study. The fluctuation of solution concentration isiwitt0.01 g/g. Since ATR-FTIR

probe measures the concentration of only a thin layer of solution under Bemdtal, which is

typically several microns and termed as depth of penet@nhe fluctuation may be mainly
caused by the solution agitated under the ATR-FTIR probe eweeybeing slightly different from
each other, though the solution concentration barely changed througheutdieegrowing process.
Actually, the solute consumed by the seed crystal (about 0.003 g) growtheglagble compared

with the amount of circulating solution (about 370g) while no other crystaleeéxisthe solution.
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Figure 7 shows the 3D reconstructed shape evoluti@aNzNO; seed crystal in the time range
of 0 ~1.25h in the same batch experiment. Figure 8 is a comparison betweaecs@i3tructed length
and 2D projection length (left camera) of three individual NaN@stal edges. Obviously, the 3D
reconstructed length is longer than 2D projection length of the seysl edge as a whole. But for
crystal edges formed bg104) and (114) faces and (104) and (014) faces, i.e. (a) and (b) in
Figure 8 or |EC| and |[EA| in Figure 4, the 3D reconstructed lengthssaee glightly larger than the
2D projection lengths, while the former is much larger than ther l&dr the crystal edge formed by
(114) and (014) faces, i.e. (c) in Figure 8 or |EB| in Figure 4. That can be eagilined by the
relative angle between the camera image plane and thelcegge. Crystal edges a ahdvere
approximately parallel to the image plane (see Figureh&hce the difference between the 2D
projection length and the real length or 3D reconstructed length aremeatly However, crystal edge
c is about perpendicular to the image plane, it can be expected ttdiffehence is quite big. The
differences between the 2D projection length and the real lengts yeom batch to batchbecause
the position of 3D imaging block was adjusted slightly in order tolgat anages of the seed crystal
with the focal distance kept identical.

The normal distance evolution of three individual faces of a Nadi@stal during the batch

experiment is presented in Figure 9A with the corresponding linear fittingsesul

N104) = 156.10444t + 111.91592 um R = 0.98364 (7A)
N(i1a) = 194.91459¢ + 302.16265 ym R = 0.99288 (7B)
No1a) = 239.57659¢ + 300.97443 ym R = 0.99131 (7C)

where t is the time (h). Then, the face specific growth rate, i.esldpe in the linear correlation, can
be obtained. The overall crystal growth rates of three individual fqd®<); (114) and (014)
faces) have constant values of 156.10444, 194.91459 and 239,57i653espectively.

Effect of Mounting of Seed Crystals
The mounting of a seed crystal will inevitably insulate the moutrtgstal face from the solution
to some extent, hence affecting the growth of the mounted cryswl Tdne extent of insulation

depends on the contact area of the mounted crystal face withytal holder, i.e. the nichrome wire
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and glue. In some casdbe contact area was small and only a small part of the mowatednaas
occupied by the nichrome wire (Figure 10), hence the mounted face gléw\Mhile in some other
cases, the contact area was large and the nichrome wire ate¢hpievhole mounted face, which
resulted in no growth of the mounted face atlalkeither case, the growth of the twWa14} faces, i.e.
the mounted and the opposite side were not equal even though theysaaiognaphy equivalent
faces. Of course, the influence of the hydrodynamic conditions shouldengmnored either. The
(114) face opposite to the mounted side faced the coming solution flowaatahigher efficiency
of mass transfer, resulting in a relatively higher rate of growth ttaicrang on the crystal surface
hence a higher growth rate. While the mounted face was back on swlthi®n flow, causing
inefficient mass transfer and a relatively lower growth rate.

In order to estimate the influence of the mounted crystal holder Asasvéhydrodynamic

conditions on the growth of the seed crystal, a growth rate ratio is defined as follows

n=—% (8)

where |p is the length of crystal edge of fa¢@04) and (014) on the seed crystal, which can be
seen on a grown up seed crystal in Figure:5and Lz indicate the distance between the seed crystal
center and the mounted side and the opposite side, respectively (Fdyufde growth rate ratiq
indicates the ratio between the growth of the mourfteth) face and the opposite crystal face. As
we know, the proportions between the same two lengths are eqaakedal crystal and their 2D
projections. Therefore, the growth rate ratio defined in 2D images ollsystin truly represent the
growth rate inequality of the real crystals.

Of all the 62 successful experiments, crystals3ibatch experiments with clear boundaries
between the rough face of the seed crystals and the rest part ofdaésomere chosen to evaluate of
the mounting effect on the seed crystal growth. To measure thes\adlug L1 and L2 in Eq. 10, one
image of each image pairs was chosen with Image-Pro Hiuwsae® being applied. The calculated
values are shown in Figure 11 in the form of growth rate ratio vs. temperature and gtewdtioass.
supersaturation. The growth rate ratio data are all below 1.0 buudtacfrom 0.1 to 0,9
demonstrating that the mounting of crystal holder did put a dralgeogrowth of the mounted crystal

face. However, the extent of growth rate slowing down was not constardifferent batch
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experiments.

Average growth rate ratio against temperature and relative supatiat were calculated and
fitted as follows (also shown in Figure 11)

n = —0.15053sin(0.30896T + 42.58024) + 0.50783 R? =0.97751 (9A)
n = —0.40315sin(50.381100 + 3.54961) + 8.90123¢  R? = 0.96895 (9B)

As a pure mathematical fitting, these fits do not provide anghbsnto the mechanism of the
mounting procesand hydrodynamic influence on the growth rate ratio n. As long as the R-square
value is satisfactory and be sure not to be over-fitted, they are treated as good fits

As for the two {014} faces, which are equivalent in hydrodynamic conditions and unrelated to
the mounting process, their growth rate ratio is close to 1.0 in most &agat is difficult to confirm
whether the growth rate ratio ¢fi04} faces is close to 1.0, because the inequality of growth in
{104} faces cannot be obtained from the current photographic directionisSooit presented here.
The influence of seed crystal size on the effect of drystaunting was also studied, but no clear
correlation between them was found. Every average growth rate ratichevasérage of several
values. So the tendency in the average growth rate ratio data (Fijueuld not be a coincidence.
Except for the randomness brought in by experimental operation, i.e.rtaetcarea difference and
other batch differences of experiments with the same configurationydiwthgrate ratio of a batch
experiment was decided by the solution temperature, relative swpati®e and the hydrodynamic
conditions. Further study has to be conducted in order to get the mechddrtisenmounting and

hydrodynamic effect on the growth rate ratio.

Effect of Seed Crystal Size

Of the batch experiments with identical configuration, growth ratesregtindividual crystal
faces oscillated randomly with seed crystaesHowever,no clear correlation between them has been
found. Considering the disperse nature of crystal growth rate, the growtatratesent experimental
configuration are independent of the dimensions of the original seedlsyysithin the size range

studied.

Effect of Solution Velocity

Batch experiments at solution velocities ranging fron®811to 0.488 cm/s, which correspond
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to the peristaltic pump rotation speed range of #0 rpm, ata solution temperatuie 318.15+ 0.30

K and a relative supersaturation of (284, were carried out to assess the influence of solution
velocities on crystal growth rates. The results are shown in Fifiiehere each data point is the
average of two batch experiments.

Although the growth rates under different solution velocities fluctuatigtitlsl with solution
velocities, there is no noticeable correlation between solugtwctity and the growth rate, suggesting
that within the velocity range studied the growth of NaNfystals is not a diffusion-controlled
process. The&0 rpm rotation speed of the peristaltic pump chosen for most batchiregpes is

reasonable.

Experimental Growth Rate

Figure B shows the face specific growth rates of NaNfree individual crystal faces as a
function of supersaturation and solution temperature. Each data point mitthars vasthe average
of 2 to 4 batch experiments with the error bar indicating the standaidtion. A comparison of
growth rates among three individual faces revealed that the order wthgrates was typically
(104)<(114)<(014), with an average proportion of 1:1.42:1.53 (average of all batch experiments).

Typically, crystal growth rates of all faces increased alwityy the supersaturation at low
supersaturations (head part) until a short decrease or scatteringspcheeged the trend (scattering
part), but the increasing tendency recurred thereafter (tail part). At the head@artofves, growth
rates decreased with the increase of solution temperature below 30 u6tke dependence became
scattered for the scattering part and the tail part, also fdei#heurves at temperature above 308.15
K. Error bars of the data points of €&Seurves appeared to be shorter at both ends, i.e. head and tail
parts, than the central scattering part at medium supersaturation.

Although growth kinetics of NaN§can be derived from Figure 13, it seems that a single growth
mechanism is inadequate due to the scattered dependence of thergtesvtbn supersaturation and
solution temperature. In fact, a compound growth kinetic may be ablexpglicate all these

aforementioned phenomena.

Comparison with Growth Rate Data from Literature

Growth rates of the NaN{104) face at 298.15 K, 303.15 K and 313KL%ere compared with

-19-



the growth rate data from literature and shown in Figl4ewith logarithmic coordinatesThe
experimental details of the literature are listed in Tabl©® data agrees well with Trei@and
Oosterhof et in both temperature and supersaturation levels, which also experigsaibations

of crystal growth rates but without agitation. Benages-ViIau@aiso glued the seed crystal on a
sample holder with roughly the same solution velocity. The growthdeatte obtained is coincident
with this study in magnitude, but the supersaturation range studied is ®€lbwWhe interesting part
is that the growth rate was measured with different (104) face orientatibic$, were perpendicular
and parallel to the solution flow, respectively, and the formerreglly lager than the latter by
10-30%. The growth rate of Ross@is 5~10 times of this study at the same supersaturation level and
with slightly growth rate oscillations. Part of the reason is thatiRos$efined the growth rate of
NaNGs to be the gradient of early linear part of the characteristiemsion (CD) vs. time, where the
CD is the square root of the area of {104} face. Growth rate under this daefirgtclose to (but not
exactly) the geometrical average face specific growth rateld#f-and {0-14} faces. Furthermore,
the measured NaNrystal faces were not strictly parallel to the image pt#ribe microscope. But
it is worth noting that the growth rate increases at first but graddatiglerated to a constant level
after about 30 minutes in her study. The deceleration in growth wénitgttito growth cell design in
which the solution was stagnant, hence unable to maintain corisfaot composition, so the
supersaturation decreased overtime. In fact, Rossiter's failureepingeconstant supersaturation
might due to the very small amount of solution used (20g), which coutddily influenced by extra
nucleation.

A fact need to be noticed is that growth rate generally increases with thefiemperature in
literature data (Figur@4). While in our study, growth rate reduces at temperatures below 308t15K
the head part of G-isotherm, and then the &isotherms interlaced with each other in the scattering
and tail parts and the rest temperature range. Though the crosstwveerb&es isotherms can be
caused by mechanism competition, hence resulting in a disorderedchgrates dependence on
temperature, the growth decrease with the increase of temperature at thegirshay also be caused
by impurities which could be induced during the crystal mounting protgsirity caused growth
rates divergence can be found in Iiter But to confirm this hypothesis, further experiment

needs to be conducted.
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Monitoring the Growth of a KH2PO4 (KDP) Single Crystal
A second case study is monitoring the growth &f-&PQ: (KDP) single crystal in an aqueous

solution. Here the focus is not on the method of mounting the seed dystdhesive since it has

® Rather it is on the capabilityf the proposed

been reported previously in numerous st }&Fé*I;‘

system on measuring crystal growth kineti&DP finds widespread applications in laser as a
frequency doubler and has been studregreat det Figure 15 is the diagrammatic form of the
natural morphology of KDP crystal, a combination of a tetragonsinpand a tetragonal bipyramid
the angles between two crystallographic independent faces (8meaidi{100} faces and pyramidal
{101} faces) are 48The normal distance from the crystal center to each individual tfgstacan

be calculated as follows.

_ lmny

Naooy = = (10A)
V6 V2

N(101) ~ e |IMP| + T IMQ| (10B)

Unlike for NaNQ, in this case study, the temperature and concentration profilesatesictly
controlled. The seed crystal was obtained from natural cooling efiletad solution in a Petri distt
about 290 K, which took about half an hour. A seed crystal (about@®xm?) was absorbed with a
plastic dropper and dropped into a growth cell (another Petri dishg filitn 120ml KDP aqueous
solution (~0.247 g/ml). The solution was supersaturated at ambient téun@dedbout 290K) and no
spontaneous nucleation occurred after the seed crystal added. Uiiengalthe vicinity of the seed
crystal was occasionally agitated manually with a glassadaep its uniformity. The orientation of
the seed crystal was not apparently changed by the slight@gitéhe 3D imaging block and LED
lights were on both sides of the growth cell. Image pairs of the @gsthl were taken through the
whole growing process (about 82 minutes) and 21 pairs of which with tageadhterval were chosen
to extract face specific growth rates using aforementioned methodology.

A sequence of image pairs of the seed cryistahown in Figurel6. Figurel7 is the normal
distance evolution of two crystallographic independent faces witlcah@sponding linear fitting
result as

N@0o=13.56t+296.71 yum R =0.9314 (11A)
N@01y=118.03t+418.54 ym R =0.9968 (11B)
where t is time (h). The face specific growth rates of the two ¢rfigstes ((100) and (101) faces), i.e.

-21-



the slope of the linear fitting, are 13.56 and 138;0n/h, respectively. This agrees with the
observation of the 3D imaging system in Figli6sthat the KDP seed crystal elongated in the normal

direction of pyramidal face (101), but barely grew in the normal direction of prismagi¢1a0).

Conclusions

An instrument for direct measurement of face specific growth kinefiggowing crystals is
developed. It is based on 3D on-line imaging and real-time uregagnt of solution concentration
using ATR - FTIR. The device is applied to crystallization of RgNhe face specific growth rates of
all three independent crystal faces were obtained simultagedust solution circulation system
driven by a peristaltic pump allovassNaNG; seed crystal glued on a nichrome wire and placed in a
transparent flowcell to grow at homogeneous solution conditions. Growth ratesedbtathis study
agreed well with the literature data. Application of the instrumentonitoring the growth of a
potassium dihydrogen phosphattD@) crystal demonstrates it capability handling crystals with
different morphologies.

The face specific growth kinetic models of crystals obtained carnintegrated witha
morphological population balance moti& simulate the morphology evolution for a population of
crystals, i.e. the so-called crystal shape distribdtibnis system can also be applied to study the
crystal growth behavior in different solvents and the impact of impurities and cmestahgnodifiers.

In the future, refractive index-based optical techn@s e.g. interferometry, schlieren and
shadowgraph, could be combined with the system, to obtain a concentrapan the vicinity of the
seed crystal as well as the facet growth behaviour, potentiatipgyetore insight into the influence

of solution concentration on the crystal growth kinetics.
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Nomenclature

a,b,c

C

G

L

Lo

L]_) L2

N101),N(100)

N(104),N@14),N(014)

-~ = n =D

X

XY,Z

Greek letters

solution ionic activity

crystal edge of (104) and ('114) faces, (104) and (0 14) faces and (' 114) and (0 14)
faces of NaN@crystals

solution concentration, g/g

face specific growth ratesp m/h

total distance between a subject and camera, mm

length of crystal edge of (104) and (01'4) faces on seed crystalm

distance between the crystal center and the mounted face and the oppogite fa
normal distance from the KDP crystal center to the (20)100) faces,
respectively

normal distance from the NaN®rystal center to the (104] 114) and 0 14) faces,
respectively

correlation coefficient

solubility, g/g

absolute temperature, K

time, h

mass fraction

2D coordinates

3D coordinates

a, f,y angles between NaNQ@rystal edges b&c, a&b and a&c
4 magnification of the camera

€ o o=

growth rate ratio between the growth of the mounted crystal face and the opposi
stereo angle of 3D imaging system, °

supersaturation

resolution of the cameram

Subscripts and superscripts

(104) (114)
(0714)

relates to (104)(;114)and(0 14) faces of NaN@crystal
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(101), (100) relates to (10Land(100) faces of KDP crystal
eq equilibrium or saturated condition
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Figure 5. A sequence of image pairs (left camera and right camera) obtained from a batch experiment (T: 298.15
+0.30 K; C: 0.94 £ 0.01 g/@: 0.03067) with the 3D imaging system.
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Figure 6. Temperature, concentration and supersaturation curves of a batch experiment (T: 298.15& 0.30 K;
0.94 £ 0.01 g/go: 0.03067)
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experiment (T: 298.15 + 0.30 K; C: 0.94 + 0.01 g/g).03067)
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Figure 12. Face specific growth rates of NaN@/stals under different solution velocities. (T: 318.15 £ 0.30 K;
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Figure 13. Face specific growth rates of three individual crystal faces of Nap&dals vs. supersaturation and

temperature
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Figure 14. Comparison of NaN@L04) face growth rates this study with data from Trei\@ Oosterhof et
RossitH]andBenages-Vilau et BF] which is prefixed by the letter “W”, “T”, “0”, “R” and “B” in the
legend, respectively. The suffixes “N”” and“P” in the legend represent growth rate measured with the (104) face

perpendicular and parallel to the solution flow, respectively. The axes are in their natural log#&oitinm
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Table 1. Calibration data collection at different sodium nitrate concentrations and solution temperatures

Temperature(-273.15K 5 10 20 30 40 50 60 70 80 90

Concentration(@/e) | | | [ | [ [ | [ [ [ | | [[]]]]

0.05015 %

0.15155 %

0.24948 %

0.35147

0.49837

0.71992 %

0.79853 %
0.87128 %
0.92110 %
1.12520 %

1.24740 %
1.35630 %

Table 2. Supersaturations of experimental NgdN@D solution calculated by different expressions

Temperature(K) Supersaturation

o=(C- C9/ C* 0.01 0.02 0.03 0.04 0.05 0.06 0.07
298.15 0.01528 0.03067 0.04568 0.06173
303.15 0.01478 0.02984 0.04536 0.06028 0.07616

Eq.6 308.15 0.01496 0.02998 0.04497 0.05962 0.07503 0.09043 0.10533
313.15 0.02896 0.04455 0.05918 0.07387 0.0886 0.10354
318.15 0.02914 0.04288 0.05770 0.07244 0.08634 0.10074

Table 3. Experiment details the literature

Refere Amount of Growth ) Seed Number of Solution Measuring
) ) Seed crystal size . . .
nce solution  cell size mounting  crystals* velocity device
20g 5ml ~0.2-0.5mm NA 6-26 0-8.82ml/min  Microscope
0.6x1 . .
16009 2 <2x2x1mm? Glued 10 40ml/min Microscope
c
ﬁ ~60ml 60ml 0.1-1.5mm? NA 1 No agitation Microscope
NA NA <0.5mm Unfixed 1 No agitation Microscope
3x1x10 _ . .
Here ~3709g o <1x1x0.5mm? Glued 1-4 36.29 ml/min 3D imaging
c

*Number of crystals means number of crystal measured to get onthgaie data.
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Synopsis

An instrument based on 3D imaging for measurement of face specific growth rates of grostalg cry
and ATR-FTIR for concentration measurement is developed. Image pag®wing NaNQ and
KH2PQs seed crystals were captured in real time in two different tibre After image analysis and
3D reconstruction operatipaorystal growth kinetics of individual faces can be derived.
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