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Abstract

A model based on multi-component mass transfer is proposed for modeéngon-
equilibrium growth behavior of crystals during solution crystallization. héti-component
composition in crystals in any spatial location can thus be estimatt any time during a
crystallization process. It can be applied to estimation of impeoontent and assessing stability of
crystalline pharmaceuticals. The multi-components are equaltyrided by diffusion, adsorption
and integration equations. The facet growth rates are estimatbd bynbunt of materials grown
on the surface divided by material densities and the surface areais. Uiilike conventional facet
growth kinetic model in which the growth rate is correlated directly to sajpeasion. The
modeling method is illustrated by case studies of NaNO3 and KR¥atiization. The dynamic
evolution of crystal composition and shape distribution is simulated.

Keywords. Crystal growth multi-component mass transferorrequilibrium crystal shape

crystal composition
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1. Introduction

Considering that solution crystallization is regarded as a sepanatimess for product
purification in the chemicals, pharmaceuticals and food processingriedusts modeling and
simulation should surely be able to estimate the composition ofutigle components in the final
crystal solids as well as in the crystals at any time duhegctystallization process. The most
important modeling tool for crystallization, i.e. population balance (PBefimggof crystallization
however has focusezh modeling crystal size and shape distributjoather than the composition
of multiple components in crystalBhis means that the impact of process conditions (e.g. cooling
rates in cooling crystallization) on the composition of a crysthd se. g. on the stability of the
crystalline product in the case af pharmaceutical, currentlgamot be studied via process
simulation, so can only be examined via experimehitss is in great contrast to the most important
liquid-liquid separation process, distillation, where the most impbiiask of modeling and
simulation is to estimate the composition of components in the grettaams. It seems illogical
for the most important modeling tool for crystallization processesonbé table to estimate the
composition of components in the crystals. As a matter of facte @ittention was paid to the study
of crystal growth behavior ianimpure media via simulation, but the focus was still on thes &nd
shape of crystals, or more accurately, on how an impurity, often inla smedler concentration in
comparison with the material to be purified, affects the sizeshapge change of the crystal. There
is limited simulation workon estimation of impurity content in the crystal solids which ierof

based on a partition coefficient which is obtained based on the assuwipsiold-liquid phase
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equilibrium Gu and Grant investigated the amount of impurities through liquid inclusion, which
means the solvens incorporated into the host crystals as liquid inclusions containisgldes
impurities. Givand et af®> developed a thermodynamic model based on lattice substitutidrdh w
liquid inclusion and lattice substitution used equilibrium distributionfaeiits of multiple solutes
which was based on phase equilibrium assumption. Some other resedrehmonsidered
adsorption models for impurities to improve the crystal growth raeiit is m/s) estimation; no
the growth rate is not only a function of supersaturation but also depends on the impurity adsorbed
onto the crystaHowever, the adsorption model could not cover the modeling of impurltysioa
rate. To consider the incorporation rate of impurjtiBersos et al. assumed a concentration
equilibrium between the incorporating impurities and the impurities in the sofutdthough the
impurity incorporation was considerethe model was still based on the thermodynamic
equilibrium while the kinetics of mass transfer was not taken iotsideration. Considering
cooling crystallization as an example, it is in esseng®rmequilibrium operation- it only
approaches phase equilibrium operation if the cooling time is indéfitateg or the cooling rate
is close to zero which is however not allowed in practice

Another observation motivated the current work is the way crystal grotetfitsiunit is m/s)
in population balance models is described. Currently a crystal dpeeific growth rate in
morphological PB modelss akinetic equation often directly correlatedsupersaturation and other
factors such as impurity content in the solution. The relationshiipsipersaturation is often in the
form of G = ka9 where G is the growth rate in m/s, k is the growth rate coefficientsyony the
relative supersaturation and g is the growth exponent. The supersaturatsniudlgy here are

about the main material to be purified, not about the impurity. This proisadhyght if the impurit
-4-
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content is very low in comparison with the material to be purifiedhBut about co-crystallization

in which there are two or three materials to be arranged in alaghtand their compositions are

of similar order of magnitudén this case, when talking about the solubility and supersaturation
which material they refdn? The treatment on the impact of impurity on growth rate is evea mor
empirical. For example, in the work of Borsos et tle growth rate in the presence of impurity
was estimated through multiplying the growth rate in the absenceepoirity by a factor which
relates to the concentrations of the impurjtiegre were no fundamental basis why the impurity
affects growth in such linear manner.

In this work, a multi-component mass transfer rate based modelnfataton of non-
equilibrium growth of crystals is introduced. In the model, the multiplatesatomponents are
described by a set of diffusion, adsorption and integration equations to fowtiacomponent
mass transfer system. Thus both the crystal growth in terms ofmsizeshape and change of
composition of all components in the crystal can be simulated smeolialy by solving the mass
transfer equations.

The remaining part of this paper is organized as follows: Seztyives a detailed description
of the proposed multi-component mass transfer models for modeling thexjaiibrium growth
of crystals. Then in Section 3 a detailed case study on blafy§allization in impure media is
presented to illustrate the proposed modeling approach. A second caséhstadystallization of
KDP in the presence of two impurities, is presented to further demortsteat@pability of the
modeling technique. Finally in Section 4 conclusions will be drawn and pointersite fasearch

will be provided.



2. Multi-component mass transfer rate based model for single crystal growth
2.1 The “stage” model

The multi-component mass transfer rate based model takes imsprdtom the non-
90 equilibrium stage model for the distillation column simulatfom our model, ach “stage” stands
for a discretized moment during simulation of the crystal growth. Ah etage, mass transfer
occurs between the solution and the crystal and leads to the growth of the ErystaReference
source not found. shows the details of a stage in the model for crystal growthsifthéation of the
crystal growth is discretized in timgs 1~ J. Therefore, the jth stage refers to thedjscrete time
95 in the time span of the simulation of the crystal growth. In total there are C componrehtsd.
Stagg refers to the status of the crystal at time jth moment ofithelation, accordingly, stages j-
1and j+1 refer to the status of the crystal before and after mgradrgtage j, the liquid phase and
the solid phase were considered separately. For the liquid phdageaf,sts status is defined by
the total liquid mole number, L.the mole number of component i in the liquid phase on this stage
100 (jth stage)il,, the enthalpy of the liquid phase on stagléﬁ, and the temperature of the liquid phase
on stage, TjL. For the solid phase at stage j, its status is defined by the total solid mdlerrfgm
the mole number of component i in the solid phase on this stagea@#),s g, the enthalpy of the
solid phase on stageﬂif, and the temperature of the solid phase on sta]gbj
The status of the liquid phase at stage j-1 is defined by tatie number |1, component
105 mole number i;1, the enthalpw-IjL_l, and the temperaturQL_l. And the status of the solid phase
at stage ft is described by solid mole numbegr Sthe component mole numbey.s the enthalpy

Hf_l, and the temperaturgL_1 All the information about the status of the liquid phase about stage

-6-



110

115

120

125

j-1 will be brought to the calculation of stage j, so it is in sovag like mass and energy transfer
from the tray (stage) above to the current tray (stage) inlafisti column simulation. The
information about stagewill be brought to the calculation for stage j+1. Similarly, information of
the solid phase at stagd jis brought to stage j, and about stage j to be brought to stage j+1
calculation.

On stage j, the two phases are not at equilibrium because thespsoteved to the next stage
j+1 before they reach equilibriumthey can reach equilibrium at stggenly if the process stays
sufficiently long at that stage. For example, in a cooling ciyztibn, is the cooling rate is close
to zero, each stage can be considered as an equilibrium stage. rEherasa transfers for each
component between the liquid and solid phases in both directions. In Eighjéds the net mass
transfer rate of componenfrom the liquid phase to the solid phase, for stage j, in moifis is
for a crystallization process and one can image that for a dissoprbcess, the net mass transfer
direction will be in the opposite direction. There is also energy transfer dretive two phases. In
Figure 1, eis the energy transfer rate, J/s, a positive value means erargfer from liquid phase
to solid phase, and a negative value means energy transfer from the solid phadigua phase.

During the crystallization process, at stage j, energy and niatesiabe added or taken away
from the liquid phase. In Figure 1?,]4 represents the energy added to (positive value) or taken
away (negative) from the liquid phase of stagf;f}i represents the mole number of component i
added to (positive value) or taken away (negative) from thallighése of stagelp this paper, we
focus on the mass transfer in crystal growth and assume that theratune in the crystallizer is
homogeneous so the heat transfer can be ignoreQﬁ:\rilsl not consideredin the case studies, no

materials are added after the crystallization beginﬁﬁsds not considered either.
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2.2 The phase interface model

The interface model is shownHinror! Reference sourcenot found.. In the solution, liquid mass
transfer occurs due to the concentration difference between the bulk éigditheterface. On the
interface,ar-adsorption equilibrium prevails between the liquid interfacial coinagon and the
surface layer concentration. In the crystal, solid mass transfer odoctine form of molecule

integration from the surface layer to the crystal surface.

The total number of components including the solve.i§he solvent is specially referred
to as the Cth component. If proper parameters of the solvent are giverinciple, the solvent
inclusion can also be modeled, in the same way as other components, althbegtesetstudy of
this article, the solvent inclusion is ignored for simplicity and gheameters i.e. mass transfer
coefficient corresponding to the solvent are assumed to be 0. It shoul@té¢hadiError! Reference
source not found. andError! Reference sourcenot found. only represent a “stage” on one crystal face.

For different crystal faces, different model parameters should bedeoedi The total number of
facesis F

The mass transfer modeling here is different from the woKagfinski ! and Rocha %and
0 In Karpinski’s paper, crystal growth from solution was assumed to have consisted of a diffusion
step and a “reaction” step when solute molecules arranged themselves into the crystal latticé".
Martins and Rocha proposed a model that treated crystal growth assaraeregport process
consisting of solution diffusion, crystal surface adsorption and the integodtamsorbed growth

elements into the crystal lattic® However, their work was focused on single solute, i.e. the
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material to be purified, rather than considering multiple componenthamddal was still limited
to the modeling of the overall crystal growth rate. On the contrary, our raimdelat modeling the
mass transfer rate processes during the crystal growth. With theéatadcmass transfer rate on
each crystal face, both the facet growth rate and the crystglosition can then be derived. The

equations in the model are introduced below.

2.3 Conservation relations

The mass balance for component i on sjage crystal face ks: (i =1,2,....C; j= 23, ...,

k=1,2,..F)
L s L
Mi =hjah _;Nijkﬂzo (1)
MZ k=S, % —$5% + Nj At=0 (2)
Mi',j’kzNiL’jkAt—l\ﬁkAt:O (3)

wherein };, is the solution mole number of component i at momentj, isthe crystal mole number
of component i at momenbn face k. Initially (F1) for the crystal seeds,1x represents the mole
number of component i contained in the pyramid, of which the crystal center esathanqd face k
is the base. If k stands for a group of symmetric-related fagesh®uld also be the mole number
component i contained in the pyramids corresponding to these Bag@sy the crystal growtls jx
changes due to the mass transfer on face k. The crystal shapsawantthen be determined with
the change of,&. The details of shape evolution prediction will be discussed iticBe:8. N-and
NSare the liquid mass transfer rate and solid mass transfer rate sepanatelynits are mol/s)

In the following part of this model, the molar fractions of componiertise liquid phase and



solid phase are used to establish the mass transfer model. The cormpolae fraction in the bulk

liquid phase can be expressesi

i

S (4)

i=1

L

X =

170  wherein >§Ej x is the molar fraction of component i in the solution at momentface k I, ;, is

the mole number of component i in the solution at moment j on face k
In this model, the diffusion in the solid phase is simplified asigibtg. Therefore, the growth
of crystal is assumed to be purely the lalygdayer stacking of crystallized material. The

component malr fractions in the crystal layer formed at moment j can be expressed by:

(5)
Yk =2 LI £ S Y-
Z(Sn,j,k_ %,j—l,k)
n=1

175
wherein yfj « Is the madrfraction of component i of the crystal layer formed at momentface

k. s, Isthe mole number of componentiat momentj on kace

2.4 Transport relations

The mass transfer in the liquid phase is due to the diffusion of compoanehts solution
180 whose driving force is the molar fraction difference between the k) &nd interface (xx) (i
=1,2,...,C-1):
RI,_j,kENL,ik_de'%‘(ij _)|(Ij,k,)=o (6)
wherein K is the liquid phase mass transfer coefficient for component i pomding to face Kk,

-10 -



in mol/(n?s).

In this model, the diffusion in the solid phase is ignored. The trassfer in the solid phase

185 iga“reaction” process that the adsorbed solute molecules arrange themselves into the crystal lattice.

The driving force of this step is the difference between the adsomtar fraction (g«) and the

equilibrium molar fraction that depends on the solid interface molar fractig).(§f =1,2,...,C)
R,Sj,kEN,Sjk_KLAR(ij_Kkr,yj'l,k,)rzo (7)

wherein K is the mass transfer coefficient for component i from adsorbed solatgstallized

solute in mol/(ms), Kik is the equilibrium ratios of componendn crystal face k is the reaction

190 order.
2.5 Interface model

The solid composition related to the mass transfer is equal to iygosdion of the crystal

layer that formed in the last moment(i,2,...,C).
Qi,kgyl,jk_ysj =0 (8)
For the adsorption phase, the model of a singular surface offering nonesigidhe mass
195 transport of adsorption is adopted and therefore the adsorption equilibrtureebethe liquid
interface and the adsorption layer prevails. The adsorption equilibritmodeled based on the
Langmuir adsorption isotherms. The adsorption coveisagpproximated by the adsorption layer
composition (<1,2,...,C-1), the adsorption of the solvent should be calculated by the stonmati
relations.
Ki X

C
ads __ | i,jk _
QN =75~ 2 % —= | =0
n=1
1+ZKm,n,ka,j,k
m=1

(9)

200 wherein Knnkis the Langmuir constant of adsorption of component m on component n @i cryst

face k. If the Langmuir constant is assumed to be identcallfthe components on the same face,
-11 -



the Knnkcan be replaced byw& and Eg. (9) can be simplified as
ads Ki Xil'
QTR =7~ = ']kl =0
1+ KXo ik

m=1

(10)

wherein Ky is the simplified Langmuir constant of adsorption of component i on crystal.face k

2.6 Summation relations

205 The summations components of the liquid phase, solid phase and adsorm®stphad be

1. The solid phase summation equations can be obtained from the sunoh&@mR so they are

not independent equations and won’t be listed here.

C

SJL,kEZ’#,jk_lzo (11)
i=1
C

S?ESEZ Z;,—1=0 (12)
i=1

2.7 Variables and functionsfor a single non-equilibrium stage

There areC+6FC unknown quantities for each stage j. These are the component ligjeid m
210 number (Ij: C in number), the solid mole numbei; (s CF), the liquid composition at the interface
(Xijk: CF), the solid composition at the interfac& . CF), the adsorption phase composition at
the interface (zx: CF), the mass transfer rate{{]\: CF and N« : CF). TheC+6CF independent
equations that permits these unknown quantities include: componenahiaknces for the liquid
(M5 : C in number), component material balances for the solij {(MCF), component material
215 balances around the interface'i{M: CF), the liquid phase mass transfer rate equatiohg(RC-
1)F), the solid phase mass transfer rate equatiohis (RF), the interface solid component model
(QSjk : CF), the interface adsorption equilibriumd®« : (C-1)F), the summation equations; (S

-12 -
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F and 85k F).

2.8 Prediction of crystal shape and composition

Neither the face growth rate nor the normal distance straightforwar@rappeour model.
However, based on the calculation of sold mole number of all componentgrthal distance
evolution can be obtained. The solid mole number an face k represents the mole number of
component i that crystallized on face kk tands for a group of symmetric-related facgg,adso
represents the mole number of component i that crystallizetlese faces. With the change of
quantities of all the components on fdcknown, if we assume the volume of the mixture is the
sum of the volumes of pure substances, the relation betwgemd X, the normal distance of

facek at moment j, can be established with the volume equations of pyramid d8JEqt.(

CM(s. —s.
le .(S,Jkp. $HK):(xjvk—xj_lk)pko(j_m,k ~12,..F ) (13)

wherein Mis the maohrweight and is the density of component ij,{s the normal distance from

the crystal center to face k at moment j, A(X,,,j =1,2,..F ) is the area of facewhen the
values of X k=12, . F are given, which can be obtained according to the geometric
information of the crystal. If stands for a symmetric-related face groupshduld be the sum of
all the face areas in that group,

According to Eqg. (13), the evolution of normal distances of all the ¢tfgsts can be obtained.

Afterwards the crystal shape evolution can also be reconstructed.

-13-



235 On the other hand, based on the solid mass of each component, bothraHecorgosition
of the whole crystal or on a specific face normal direction, anddimpasition distribution along

a specific face normal direction, can be obtained.

In the proposed models, there are some parameters for which tbes makd to be determined.

Kk, the liquid phase mass transfer coefficient for the ith componenbeaneasured bgolid

240 dissolutiort®. There are also correlations available for its estimation. For egampmlorrelation
given by Geankoplisan be used to predict the mass-transfer coefficients fouid [phase to the
surface of small catalyst particles, microorganisms other salitiguid drops*. The parameters
corresponding to mass transfer from the adsorption layer to solid phagghek mass transfer
coefficient from adsorbed solute to crystallized sqlated r (the reaction ordgmay be calculated

245 with molecular simulation or regression of the proposed model with exg@iaimdata of
measurement of single crystal growth.

Kix (Langmuir constant of adsorption) and K(the equilibrium ratios in Eq. (7)) can be
correlated with the solubility data (In Section 3.1.1, an example &giiven). K« can be obtained
with molecular simulation and afterward§écan be calculated using the correlation relations.

250 On the other hand, empirical estimation of the parameter vasualso possible via model
identification: we can firstly carry out crystallization expegimts and analyze crystal shape and
composition. Then we can use the data from the analysis to estimeat@lues of the model
parameters via model identification.

It should be noted that accurate and fast determination of the pedeheters is not an easy

255 task and may need further research. In addition, whatever methods an¢ ceeclpt completely

avoid errors in the estimation of the parameter values. Therefoeas#iwty study on some
-14 -
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parameters is given in last paragraph of Section 3.1.3.

2.9 Further discussion

The adsorption model was often used to relate the facet growth ratecantentrations of
impurities. Afterwards population balance equations (PBE) can be estdiibsmeodeling crystal

growth with impurities to predict the crystal size and shape distribuftected by the

915-18

impurities: In the workof Borsos et al.the incorporating rate of impurities was also discussed.

However, their model has two main differences from our model.

Firstly, our model is based on multi-component mass transfer and #tentamal distance
and growth rate are indirectly obtained from the calculated component maoieer. In the
adsorption-based crystal growth model, the growth rate of crystals wasbddsdyy the
conventional growth kinetics times a modification factor basedchemulti-impurity adsorption

model:

C

sat

%
c—C
Gk = kgk( sat] Pimp,k (14)
wherein pnp kIS the impurity coefficient on face k which is related to thpurity concentrationit

is calculated based on an “equilibrium adsorption model”®. Although the difference between solute

concentration and saturation concentration is similar to the masgetransing force and the

growth rate coefficient g« equation of Eq( 14 )| can be regarded to imply the mass transfer

coefficient, our model is comparatively closer to the first-principle.
Secondly, in our model, the mass transfer of all components are eqoafijdered and

described with the mass transfer equations. In the adsorption-bastal growth model, the

-15-



determination of incorporation rate of impurities was based on thempsisn of impurity

concentration equilibrium between the crystal and the solution,_aefﬁu‘anc (16)|shows’:

dCCGM,i _ Xe,i Mcem, d_C 15
dt 1-> 7, M. dt (15)
C G -
i C GM.,i
)
k o MCGM,i Mc i MCGM,i

Eqt.[( 15)lis the mass balance of the impurity concentration in the saldi@nchanging rate

of the impurity concentrationcewm,i is proportional to the changing rate of the solute concentration

280 C. xci is the mole fraction of impurities in the crystal phasecording toEct.|( 16 )| the mole

fraction of impurities in the crystal phase is in equilibrium wité thole fraction in the solution
based on the interfacial distribution coefficiend; K In other word, the mass transfer of the
impurities was not considered and the incorporation of the impurities was dras@ equilibrium
assumption, which is different from the non-equilibrium mass transfer equations irdel m
285 Our model is based on the multi-component mass transfer and thezatigenform of the
equations is inspired by the non-equilibrium stage model for disii column proposed by
Krishnamurthy and Tayldf. In their model, the mass and energy balance and transfer on each stag
were considered for the liquid phase and the vapor phase separately. $tee temistance on the
interface between the liquid phase and the vapor phase was ignbesthcorporation of mass
290 transfer rate equations makes it possible to consider the non-equilitatween vapor and liquid
on stages without incorporating the arbitrary and ambiguous stage efficiency.
There are several differences between the two non-equilibrium méaskty, unlike in the
case of distillation, there are no column stages in the crystaiind the crystallization system is

not in a steady-state either. Therefore, variables change mighréither than spatial stages in our
-16 -



295 model. Secondly, solid phase shows much poorer diffusivity than vapor or lmuidosir model
the mass transfer in the solid phase is ignored. Finally, unlike theguaiipeum for distillation
columns, the “streams” between stages in our model for crystallization are concuraérer than

countercurrent. Therefomur model can be solved stage by stage.

3. Case studies

300 3.1 NaNOscrystal growth with KNOs3

Sodium nitrate (NaNg) crystallization is selected for the case study of our proposed model
Error! Reference source not found. is the equilibrium morphology of a NaN@rystal which was
predicted by Benages-Vilali and also observed by Wu et?8] As Error! Reference source not
found. shows, a NaN@crystal is rhombohedra with six faces. These faces can $sifigd into
305 three groups of crystallographically equivalent faces, i.e. two {104}, i@t} and two {014}.
The values o#, B, and y are 90.57°, 102.72°, and 102.72°. Wu et al. also measured the crystal face
specific growth kinetics of all the three faces.
Benages-Vilau et al. studied the morphology change of NdN® aqueous solution in the
presence of Kor Li* ions. They found that the addition of these impurities led to a suddemasiecre
310 of the {104} face of NaN@and caused the morphology chaitge
In the case study, we will use our proposed model to simulate the ahd purity evolution
of a single NaN®with or without the presence of KN@s the impurity. A pure NaNgrystal is
loaded in the crystallizer as a crystal seed and the cryatalizzemperature is kept constant. KNO
is assumed to be adsorbed on {104} face only. The crystallizatioretammpe is kept 218.15K. The

315 initial solution consists of 181.14g of NaN@nd 188.869g of kD. The initial face normal distances
17 -
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330

of {104}, {114} and{014} are100.06:im, 216.83m and 253.28m respectively.
3.1.1 Model parameters

Although in our model, the adsorption const&pj and the equilibrium ratio 'K take the
place of solubility in conventional growth rate equation, the published kglulaita are still helpful
to estimate the values &f;, and Kix. When a pure crystal of component i is in equilibrium with

the component i solution, the mass transfer rate should be 0. Thaajs £9; ., the molar fraction

of component i of the solution bulk should be equal to the solubiliyc@ording to Eqi(6 )||( 7)

( 8 ))ang( 10 )| the adsorption constaii;, and the equilibrium ratio 'K, should satisfy the

following relationship:

ro_ Ki,kx
MK X+

(17)
Xu and Pruess studied the solubility curve of NalNOwater was measured and gave a linear
dependence (molar fraction X vs absolute temperature T) when 278.15K<T<3Z2a8H4t. (18)
X =0.0027 - 0.175 (18)
The solubility curve of KN®@ can be described with a quadratic equation (solubility in

gKNO3/100g HO vs absolute temperatufd)

Mo, mo0gro =13.767+ 0.5588(— 273.15) 0.0178¢ 2737 (19)

With the solubility equations of E|cj.18) and( 19 )|the relations betweekK;, and Kix. can

be related using El(ﬁ.l?)

The mass transfer coefficients from the solution to the crystal saréarebe predicted using

a correlation given by Geankopttsis Eq( 20)

-18-
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K'\ = £+o.3ms§’3(A”ﬁ°gT3 (20)
d, Jox
wherein Dis the diffusivity of component i in the solution irf/s) d is the equivalent diameter
of the crystal in the direction of face k in m. For the modebhdNaNQ; crystal growth, dis
assumed to be the normal distance from face k to the crystakr ¢enés 2. N is the Schmidt

number given by B=uo/pcDi, 1 is the viscosity of the solution in kg/¢s), g=9.80665 mA

Ap=pp-pe, pp is the density of the crystal in kglandp. is the density of the solution in kg/m

The unit of the mass transfer coefficient in£@0 )[should be translated from m/s to mol/(m2

*s) with Eq|( 21 )|before it can be used in the corresponding equations in our model:

kS _M
ik — C
i=1

wherein Mis the molar weight of component i.

Graber et al. proposed the diffusivity, density and viscosity equatfoagueous NaN¢&and
KNO3 at25C?4 which can be used to determine the property parameters in Eqt. (18).us8&ta
the case study the amount of KIS much smaller than NaNQu«. andpc can be approximately
calculated by the corresponding equations of aqueous dNdW&anwhile, Dis calculated using
the diffusivity equation of agueous Nabl©Or KNOsz assuming that the diffusivity would not
affected by the other nitrate salt.

According toKarpinski’s suggestion, assigning the reaction order2 would be the most
appropriate choice in the light of BCF growth theory, the previous intuitie¢s tand the

experimental data
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350 3.1.2 NaNOs crystal growth in the absence of impurities

Through regression based on Wu’s measurement of growth of single NaNOs crystal, the
parameters corresponding to NaiN\@hich were not yet determined can now be obtained. The

values of these parameters are listed in Table 1.

355 Table 1 Model parameters corresponding to NaNO3
Parameter {104} {114} {014}
Kik 77.68 109.32 114.78
K'ik 0.927 0.947 0.950
K'ik(10°molem?2es?) 0.650 1520 1.801

Then a simulation is run in NaN®olution without impurities with the same initial conditions
as Wu’s experiment. The comparison of simulated and experimental normal distance evolution is
shown inError! Reference source not found.. It can be seen that the two sets of curves fit well which

indicates that our proposed model can be a good alternative to déisergoewth of a single crystal.

360 3.1.3 NaNOs crystal growth with KNO3

The parameters corresponding to KiNi@@ed to be determined when the crystal growth with
KNOs impurity is simulated. According to the experiment results of Besvddau et al., the
addition of KNQ impurity poisoned the {104} face growth rateTherefore, KN@is assumed to
affect the {104} face only and the parameters corresponding to otlesrdee assumed to be 0. The
365 values ofK;,, K'ix and K are estimated as 776.8, 0.9805 and 64.97mbis™ respectively. The
molar number of NaNg)total molar number of all the solution components, and the shapestatic
seed are the same as they are in the growth in the absence otigmnptliherefore, the molar

fractions of NaNO3 of all the simulation have the same iniaale of 0.1689. KN®is added with
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NaNOyKNOs; molar ratio ofLl0°® and10°. Because of the parameter setting of ki@ {114} and
370 {014}, the normal distance evolutions of faces1#} and {014} show no differences from
simulation in the absence of KNOThe normal distance evolution of face {104} and shape
evolution during crystallization are shownHnror! Reference source not found..
The overall molar fraction of KN@of the growing NaN® can also be predicted with the
proposed model as is shownHrror! Reference source not found.(a). On the other hand, due to the
375 change of solution phenomenon, the composition of crystal in the norraatiah of {104} is
different at different locations and the distribution of KiN@olar fraction in the normal direction
of {104} can also be simulated with the proposed model, as is shmoivindr! Refer ence sour ce not
found.(b). In Error! Reference source not found., the molar fraction is normalized through dividing the
molar fraction by the initial molar ratio of KN@NaNQ; (i.e. 16 or 10)
380
A sensitivity analysis for this case study is conducted and the result is summarized leldwe test
the liquid mass transfer coefficient and the mass transfer coefficient from adsorbedosohyttallized
solute of KNQ are changed to examine their effects. If the valué pftke liquid mass transfer coefficient)
for KNOs on face {104} is multiplied by 0.1, i.e. increased by 10%, the prediction on composition and crystal
385 size and shapéoesn’t show significant change. That might be because with the parameter settings in the
case study the mass transfer is controlled by the mass transfer resistance from adsatedsatzillized
solute, rather than the mass transfer in the liquid phase. Even if the value is edultjpli®*, the normal
distance of {104} at the moment of @r will be reduced by only 5.1% and the molar fraction of KNG
face {104} at that moment will be reduced by only 0.37%. On the other handy {fHe mass transfer

390 coefficient from adsorbed solute to crystallized solute) for KM@ face {104} is multiplied by 0.1, the
-21-



normal distance of {104} and the molar fraction of KiN@ face {104} at that moment will reduce by 27.81%
and 20.79% separately. Here in this paper we limit our discussion on sensitivity analydés o not divert

the focus from the introduction of this new modeling technique.

3.2KDP crystal growth with crystal growth modifier

395 A case study on the potassium dihydrogen phosphate (KDP) crystal growth in the presence of
two impurities (aluminum sulfate and sodium hexametaphosphaiejfamed. KDP crystal has
two independent crystal faces, the {100} face and the {101} face. Thendest from the crystal
center to {100} and {101} are separately denoted.aswl %. According to Borsos’s work, divalent
and trivalent metal ions (aluminum sulfate) preferably adsorb on the {108}oflakDP crystal,

400 which leads to decreased growth rate of the corresponding charactenigtic Knionic growth
modifiers (sodium hexametaphosphate) preferentially adsorb on the {101} &déngein growth
rate inhibition for the corresponding characteristic lefigth

The crystallization is run at a constant temperature %.Zbhe initial solution contains 150g
of KDP and 400g of water. One crystal seed withxx=2 mm is loaded. In the impure solution,

405 both aluminum sulfate and sodium hexametaphosphate are added atretinosnof 12.5ppm.

The duration of crystallization of each batch is 2000 secdrusvalues of model parameters are

as Table P shows.

Table 2 Parameter values for KDP crystal growth modeling

Parameter Face KDP aluminum sulfate sodium
hexametaphospha
' 2l {100} 108 10 10
K (molem®=s™) 101 10¢ 10¢ 10¢
{100} 90 3x10 0
Kk
{101} 90 0 3xX10*
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{100} 0.753 0.909 0

r.
Kk {101} 0.753 0 0.909
‘. 2l {100} 1 0.02 0
Kik (mol*m=+s~) (101) 3 ) 0.05
r {100} 2 2 5
(101} 2 2 5

3.2.1 Evolution of distances from crystal center to crystal faces

410 The evolution of face normal distances & Eror! Reference source not found. shows.
Aluminum sulfate and sodium hexametaphosphate decrease the growah{ddi6} and {101}
separately. Therefore crystal in the presence of aluminum sulfate higher aspect ratio and
crystal in the presence of sodium hexametaphosphate has a lower rasipecBecause the

consumption rate of solute is also decreased, the growth rate of the other face becomes highe

415  3.2.2 Evolution of impurity content

The evolution of impurity content in the whole crystal is showriror! Reference source not
found. (a). The molar fraction of impurities in the whole crystal firgilyreases and then decreases
due to the consumption of impurities. Due to the changing solution phenontfem@omposition
of crystal on each face normal direction is also different in different towativith our model, the

420 impurity molar fraction distribution along face normal direction cao d&le predicted aSrror!

Reference source not found.(b) shows.

4. Conclusion

In this work, a multi-component mass transfer model is proposed for modelirgytial

growth of multi-component systems. In the model, all the solutes arbyedgscribed by a set of
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425 diffusion, adsorption and integration equations. The equations are orgertizedorm of the non-
equilibrium stage model including the conservation relations, transpatiored, interface model
and summation relations. Through solving the equations, evolution of bothy#tal shape and
composition can be predicted.

A case study of NaNg&Xxrystal growth in the presence of Kh@® conducted. The shape and

430 composition evolutions of NaNQOcrystals of crystallization with different initial KNO
concentrations are modeled. A second case study of KDP crystal grotik presence of two
different impurities is presented to show the influence of differapurities on different crystal
faces.

The main contribution of this work is the proposal of a novel model foptediction of

435 composition evolution of multi-component crystallization processeloadh in this article only
case studies on crystallization in impure media are givermtuel can be expected to work on

other multi-component crystallization processes like co-cliztbn. In future work, the model

I

will also be incorporated into the morphological population balance (MRBE}%to enable

MPB in predicting the crystal compositions.
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