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Abstract

The use and applicability of crystallization theories for industrial crystalli-
zation practice have been evaluated. The conclusion is that particularly plant
users profit from the population balance model because it allows for bug diag-
nostics and prediction of response on altering conditions. Also for design pur-
poses the available theoretical models greatly helped to increase insight in the
wide range of events occuring in a crystallizer and how their interactions govern
the resulting product. However, despite of the enormous amount of research work
done so0 far, the quantitative application of theoretical models has not found en-—
trance into the design of tailor-made c¢rystallizers for strictly defined size
distributions. From a designer's point of wview further investments of time and
money should be considered carefully because with the actual state of knowledge
more than 80 % of the encountered problems already can be sclved. One area of
common interest that urgently deserves more attention in the near future is habit

modification by additives.

Introduction

Crystallization of salts from natural sources is nearly as old as mankind itself.
From ancient times the need of crystalline goods has been steadely increasing
(Fig. 1). Crystallization plants, however, have been built during the last
hundred years. Research and development efforts in the area of crystallization

with respect to industrial aspects started only about half a century ago.

Meanwhile, theories and models have been formulated and numerous single phenomena
have been investigated. Compared to the theoretical insight thirty yvears ago -
the time at which the Working Party on Crystallization was founded - it can be
stated that at present the theoretical backgrounds of the unit operation crystal-

lization are almost fully understood.

In the scope of an International Symposium like this the question arises how
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valuable these theoretical developments have been for crystallization practice.
Are crystallizers nowadays cheaper, more effective or simpler as they were in the
past? What else is the use of the meanwhile available theoretical developments?
Which role does theory of crystallization play in design and operation of cry-
stallization plants and in which areas would further development be promising and

economically justified?

In the scope of this contribution, we can only try to give indicative answers to

these questions.

Crystallization in practice

A crystallization process is a complex plant for the production of an industrial
bulk product. In the sequence of treatments, crystallization surely is an impor-
tant but by far not the only unit operation. The feedstream often has to be puri-
fied, filtered or mixed in order to allow for chemical reaction prior to crystal-
lization. After crystallization, the crystals have to be separated from the
mother liquid, washed, dried and in particular cases other final treatments may
be necessary. Storage and packing are often part of a crystallization plant. All
these unit operations influenée the properties of the crystallizate and have to
be chosen and designed - without any c¢rystallization theory -~ as careful as the
.crystallizer itself. Also secondary equipment like pumps, heat exchangers, vacuum
equipment, process control devices and electrical power supply each play their

role in the establishment of the final product.

With respect to the attainable crystal size it can be summarized (Fig. 2):

- With proper design of the crystallization and the unit operations prior to
crystallization the crystal size can be influenced positively.

~ All operations after crystallization influence the properties of the
crystallizate in a negative sense. However, when designed correctly, product
deterioration can be reduced to a minimum.

- All process steps in parallel to crystallization behave neutral when
correctly chosen and designed. In case of non-optimal design a negative

influence will be noted.

It will be obvious that certain demands are laid upon a crystallization plant
that do not require the involvement of crystallization theory such as taking in
account the peculiarities of slurry handling, optimal integration of all unit
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operations within the plant, ensuring controllability and last but not least the
right choice of construction material. The assured ability to meet production re-
quirements with respect to quantity and quality is just as important as economi-

cal, simple and reliable operation of the entire crystallization plant.

The desired product can be the crystals as well as the mother liquid. If the de-
sired product is the mother liquid the composition of the ligquid directly deter-—
mines the quality of the final product. In such a case easy solid/liquid separa-
tion is the only requirement with regard to crystals. A mean crystal diameter of
200 um is already sufficient to use simple centrifuges and can be obtained in

most practical cases without problems.

When the crystallizate is being aimed at - which is mostly the case - the crystal
size distribution can be an additional guality characteristic besides purity.
However, requirements like a completely prescribed size distribution are by far
not as common as it is generally being assumed. In many cases the required stan-
dards are derived from crystallizates already. Examples like sugar, salt, ammo-
nium sulfate for fertilizers explain this statement. Here, requirements: on cry-
stal size and shape are not determined by particular applications but only by
familiarity of the user with the product,

Therefore, only rarely crystallizers have to be tailor-made with respect to a
particular size distribution. Consequently, the investment of manhours during

crystallization plants engineering in such problems is accordingly low.

The practice of crystallizer design

One of the most important steps in crystallizer design is the collection, evalu-
ation and examination of physical properties of the underlying system which are
required for the process bhalance equations (solubilities, specific heats, thermal
conductivities, viscosities). Such data can be found in the literature [1-4] or -
in particular for multicomponent mixtures - have to be determined experimentally.
If high product purity is required or when the outcome of process balance calcu-
lations requires experimental confirmation, laboratory scale crystallization ex-
periments allowing for chemical/analytical examination - continuously, if the re-
quired information can only be obtained from continuous operation, else batch -
are executed. Although crystallization kinetics is not the real aim of such in-
vestigations, proper planning and execution of such egperiments also yields in-
formation about crystallization behaviour., It can be determined whether, compared
with earlier experiences, crystallization is being influenced by components actu-
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ally present in the mixture or whether the product is a rapidly growing or an
easily-nucleating cne.

For new or unknown product such tests should be generally performed also if pro-
duct purity is not subject of investigation. However, also in this case kinetic

data are not really determined.

If, from experience, no information about the metastable gzone width or about
settling velocities of the expected crystals in the actual mother liquid is avai-

lable, experimental determination have to be performed.

Based on these data and on the required product size a crystallizer type has to
be selected. As known from numerous publications [5-8], the available crystalli-

zers can be devided into three classes:

- FC crystallizers (d 0,2 - 0,5 mm)
- DTB crystallizers (d 0,5 - 1,2 mm}
- Fluidized bed crystallizers (d 1,0 mm)

All these crystallizers are equipped with a forced circulation loop which serves
to keep the content within the metaétable zone limit in order to avoid primary
nucleation. For the production of coarser crystallizates still using the forced
circulation principle, additional effects are used to a different extent in the

separate classes:

l. Reducing the pump tip speed to the level of what is hydraulically possible
(FC- and DTB-crystallizers)

2. Reducing the specific energy input into the suspension via recirculation
pumps (or stirrers) to a minimum, e.g. by separate suspension and heating
flows (transfer from FC to DTB) or by complete elimination of the
recirculation pump from suspension in order to prevent production of secon-
dary nuclei as much as possible (transfer to fluidized bed crystallizer).

3. Installation of devices for fines removal/fines destruction and/or control of

suspension density.

One could ask for an optimization of the - with respect to crystal size oppo-
sitely acting parameters - residence time and suspension density by correctly
scaling up. A necessary condition for an in every respect successful scale up
procedure for crystallization would be similarity in the conditions of geometry,
kinetics and hydrodynamics. In crystallization, however, it is impossible to keep
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all these conditions simultaneocusly constant. Mullin [9] stated already in 1961:
"Scaling up of crystallization equipment is probably more difficult than that for
any of the other unit operations of chemical engineering.”™ Till now, no essential

changes in this have taken place.

Griffith [10] (1947) formulated a "separation intensity" as a design criteria
which is defined as the production rate of crystalline mass per unit crystallizer
volume and per unit time (Fig. 3)}. From experimental data obtained from a wide
range of crystallizer types and siges and a wide range of substances he deducted
that the wvalues of the separation intensities - when recalculated for a standard
product size - all lie in the same range. Only for fine crystallizates the S,I.
factors have proven to be unreliable. In one of our own publications [11] in 1982
we defined a ‘"specific production rate" for fluidized bed crystallizers,
expressed as the weight of crystals produced per unit time and unit cross
sectional area, as a function of upflow velocity and supersaturation (Fig. 4).
Mersmann [12] showed 1989 for 17 systems from practical results that the maximum
obtainable mean crystal size as a function of supersaturation each lies within a

product typical narrow range {Fig. 5).

So, sophisticated complete scaling up from laboratory results is not yet possible
and as shown, not necessary. Thanks to the now known theoretical relationships we
are today more well-aimed in predicting crystallizer performance and concentrate,
being aware of the uncompleteness of our knowledge, on comprehension of the

essential single phenomena.

Typically an FC-crystallizer is designed for a crystal residence time of about 2

hours and a suspension density in the range of 15 - 25 mass%. This is mostly
sufficient to yield a separable crystallizate. Increasing the residence time only
results in marginal size increases, sometimes a sizZe decrease may result due to

" the competition between crystal growth and c¢rystal damage [13] (Fig. 6).

Scmetimes the necessary residence time follows from the time required for equili-
bration. In such cases desupersaturation as function of time must be measured in

the laboratory and taken as a basis for crystallizer lay-out.

When changing from one type of crystallizer to the other the altered geometry im-
plies automatically longer residence times and reduced secondary nucleation. Both

effects yield coarser product. For a DTB-crystallizer the residence time - be-

cause of geometric reasons - mostly amounts 3 - 4 h (Fig. 6). Suspension

densities of 25
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mass¥ can be well processed. Still the circulation pump in the DTB--crystallizer
is the main source of secondary nucleation. Its flowrate is determined by the
maximum allowable supersaturation (approx. 0.5 x A c met) and is designed such
that at constant specific energy input the rotational speed is as minimal as hy-
draulically possible. Calculation for a particular size distribution optimal ro-

tational speed is neither possible nor necessary.

For a fluidized bed crystallizer, design criteria are the required circulation

rate in order to remain within the maximum supersaturation limit together with
the settling velocity of the smallest product crystal carried over into the hea-
ting loop. These values determine the crystallizer diameter and, together with a
prescribed geometry, a minimum volume. Because of the variable suspension density
and bed height the crystal residence time and hence the final product size can be
adjusted over a wide range {Fig. 6). Also here a necessity for the application of

crystal- lization theory does not exist for designing fluid-bed crystallizers.

Also fines destruction loops are generally designed in accordance with technical
boundary conditions without taking kinetics into account. Dimensioning of the se-
paration part is based on the settling velocity of the smallest carried. over par-
ticles (mostly about 0.2 mm). The heat input in the fines destruction loop is -
if this amount of heat has to be supplied additional to the thermodynamically re-~
guired amount ~ determined rather by economical criteria. A flexible layout of
the fines destruction loop provides an excellent means of tuning the product

crystal size during plant operation.

Operation of crvstallizers

For examination of practical operation and for the quantitative estimation of the
effect of changed conditions on the resulting crystal size distribution, the cal-

culation method using population balance theory has further established.

Based on an actual CSD produced under a particular set of conditions, the effect
of changes in suspension density or production capacity, or from increasing or
decreasing fines destruction can be predicted by calculation. In case control of
crystallizer operation is required in order to produce a well-defined CSD in the
entire range of throughputs, a process control strategy is required whose soft-
ware includes crystallization theory. Although such a sophisticated control sys-
tem is mostly unnecessary and hard to realize because of the long average statis—
tical residence times in continuous processes, operation of modern batch crystal-
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lizers can today be computer controlled by using theoretical considerations.

summarizing evaluation of the importance of theoretical development

for practical purposes

As has been shown the population balance and its derivatives have not found their
entrance yet in numerical design of crystallizers.

However, the essential use of crystallization theory for design practice does not
appear from quantitative applications of the models but from the model them-
selves (Fig. 7). The model allows for estimation of the effect of particular
measures also without exact calculations. Developed and improved by the
interactions between practicians, who announced their problems and researchers
who developed models, & tool resulted that also definitely took influences on the
practice of crystallizer design. Alsc in those cases where the solution to a
problem is not obvious at first sight, the design of crystallizers is much more
reliable and robust as it was before thanks to the use of imaginary models. The
importance of this statement is illustrated by bearing in mind that the three
basic types of crystallizers are much older than population balance theory.
Through population balance theory it became clear how these empirically developed
crystallizers perform and how optimum operation can be achieved [7]. The question
posed in the introduction "Are crystallizers nowadays cheaper and more effective
as they were before?" - therefore has to be answered positively, thanks to

crystallization theory,.

In case further well-aimed research is performed the design of crystallizers for
a particular size distribution regarding nucleation rate, attrition rate, growth
rate and residence time as a function of equipment specific properties could be

possible in a not too far future.

If, however, the industry would have to pay the costs for this research, a criti-
cal cost-yield analysis would lead to the decision the present tools and expe-
rience can solve more than 80 % of all the crystallization problems quite safely
(Fig. 8). In certain cases process simulation of crystallizers is part of the
scope of interest of plant users. PFurther resgearch efforts in the direction of
integration of all influencing factors - also hydrodynamics - in practice-related

models would be useful.

A common point of interest of all parties involved is the request for research in
the areas of structure of solutions of additives, more precisely, the revealance
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of mechanisms governing changes in kinetics induced by other components, be it in

traces or deominating components [14]. The developement of a screening method for

aimed manipulation of the crystal habit or for recognition and elimination of

changes induced by foreign components would be very helpful. Crystallizates that

are hard to separate because of their needle or plate habit could hopefully be

transferred into more compact particles by using the right additive. In this way

the design of crystallization plants for difficult products could be simplified.

In particular solid-liquid separation could be performed with simpler equipment,

spending less on washing and yielding higher purity.
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SEPARATION INTENSITY FACTOR (Griffiths, 1947)
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L = Relative product size [-]
£ = Production rate [kg/h]
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