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SEPARATION AND PURIFICATION METHODS, 7(1), 99-134 (1978) 

PROGRESS I N  CONTINUOUS FRACTIONAL CRYSTALLIZATION 

Gerard J. Arkenbout 
I n s t i t u t e  f o r  Physical Chemistry IN0 

P.0. Box 108, 3700 AC - Zeis t ,  the Netherlands 

1 . Introduction: 

Crys ta l l iza t ion  i s  a f a r  more a t t r a c t i v e  method f o r  
separat ion and pur i f ica t ion  of organic oompounde than is of- 
t e n  realized. When w e l l  appl ied,  the advantages of crys ta l -  
l i z a t i o n  as compared t o  d i s t i l l a t i o n  are: l a rge  separat ion 
e f f e c t ,  low energy consumption and low proaeas temperature. 

when very high p u r i t i e s  (99-99.99 %) a re  aimed a t  or when 
s imi la r  compounds l i k e  isomers have to  be separated. 

The la rge  separat ion e f f e c t  may be very advantageous, 

Ae is  well known, the  boi l ing  points of isomeric 
compounds generally d i f f e r  so l i t t l e ,  that separat ion by d i s -  

t i l l a t i o n  is very d i f f i c u l t .  Pu r i f i ca t ion  of mixtures of  iso- 
mers by crysJiallization may be r a the r  easy because of la rge  
differences between the freezing points. A s  an  i l l u s t r a t i o n  
the boiling- and freezing points  of two isomeric systems a re  
given i n  Table I. 

The low energy oonsumption of c r y s t a l l i z a t i o n  stems 
from the following. The energy consumption of a counter- 
current  separat ion is about proportional t o  the r e f l u x  r a t i o ,  
As the separat ion e f f e c t  i s  la rge  i n  c rys ta l l iza t ion .  The 

99 
Copyright 0 1978 by Marcel Dekker, Inc. All Rights Reserved. Neither this work nor any part 
may be reproduced or transmitted in any form or by any means, electronic or mechanical, including 
photocopying, microfilming, and recording, or by any information storage and retrieval system, 
without permission in miting from the publisher. 
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100 ARIcElwOUT 

TABLE I. 

Boilinn and freezina D oints of two isomeric systems. 

compounds boiling point freezing point 
C OC, 1 0 5 ~ a  0 

ethylbenzene 
para-xylene 
meta-xylene 
ortho-xylene 

136.2 

138.4 
139.1 

144.4 

meta-dichlorobenzene 172 
para-dichlorcbenzene 174 
ortho-dichlorobenzone 179 

- 95.0 

+ 13.3 
- 47.9 
- 25.2 
- 25 
+ 53 
- 17 

number of stages required for a distinct separation la rela- 
tively small. This relatively small number o f  stages demands 
in its turn a limited reflux ratio. The reflux ratio will 
usually be 2 to 10 times small.er in orystallSzation than in 
distill.ation, By this the energy consumption of crystalliza- 
tion will be considerably lower than that of distillation. 
Moreover the heat of transition is 2 to 4 times smaller in 
crystallization than in distillation. 

Because of its small energy consumption continuous 
fractional crystallization may be very competitive in the 
large scale ultrapurifination of organlc compounds. 

Though the separation effect of a single orystalliza- 
tion may be rather large, high purities or large yields can 
usually not be obtained in one step. Multistage orystalliza- 
tiona are required in order to arrive at the goals aimed at. 

Multistage crystallizations are usually realized by 
repeating single crystallizations in conventional crystal- 
lizers. The process operation is cumbersome and exponaive. 
Problems met in conventional orystallizere origingte f rom the 
separation of crystals and mother-liquor and the growth of 
incrustrations e.g. on agitators. 
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 101 

Metallwerk Buchs (MWB) has bypassed these d i f f i c u l t i e s  
by developing a multistage c r y s t a l l i z a t i o n  process based on 
repeat ing the s ing le  process, i n  whlch s o l i d  handling and 

1 phase separat ion a r e  avoided . T h i s  process w i l l  be presented 
i n  sec t ion  3 .  

Another approach is t o  r e a l i z e  multistage c rys t a l l i za -  
t i ons  i n  one operat ion using one apparatus similar to  m u l t i -  
s t age  d i s t i l l a t i o n  and extraction. 

A su i t ab le  countercurrent between c r y s t a l s  and l i q u i d  

and a sa t i s f ac to ry  r a t e  o f  i n t e r f a c i a l  masstranafer, however, 
a r e  d i f f i c u l t  t o  es tab l i sh ,  hampering the appl ica t ion  of 
continuous f r aa t iona l  c rys t a l l i za t ion .  

Some main developments i n  this f i e l d  a r e  reviewed i n  
the sect ions 5,  6 and 7. 

The present s t a t e  of continuous f r ac t iona l  c rys t a l l i za -  
t i o n  is  discussed. 

2. Poss ib i l i t y  of separat ion by c rys t a l l i za t ion :  

The p o s s i b i l i t i e s  of separa t ion  and pu r i f i ca t ion  by 
c r y s t a l l i z a t i o n  a r e  determined by the  shl id- l iquLd phase equi- 
l i b r i a  per t inent  t o  the system. Two well-known types of 
equilibrium diagram a r e  those belonging t o  the eu teo t ic  and 
s o l i d  so lu t ion  aystema. 

t beo re t i ca l ly  possible  to  obta in  a pure compound by one s ingle  
c rys t a l l i za t ion .  In many cases, however, o rys t a l l i s a t iona  a r e  
not  car r ied  out  under oqui1ibr;Lum aonditiona. Then,the se- 
parat ion eff ic iency o f  a s ingle  c r y s t a l l i z a t i o n  may be de- 
creased coneiderably by k ine t i c  e f f ec t s ,  espec ia l ly  when the 
concentration of impuri t ies  I s  l a rge  and 8.g. approaches the 
eu tec t i c  composition. Mother-liquor wlth i t s  contained impu- 
r i t i e s  w i l l  be occluded ina ide  c r y s t a l  imperfections o r  will 
be trapped in agglomerates o f  crystalfl, 

When deal ing witha eu tec t ic  system (Hgure  1 i t  is  
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102 ARKENBOUT 

A C B 

FIQURE 1. 

Simple euteotio system. 

When ooneidering a solid solution aystem (Figure 2 
it is impossible to obtain pure material in one orystalliza- 
tion stage. 

order to arrive at the purity or the yield aimed at, not only 
when s o l i d  solution systems, but also when euteotio systems 
have to be separated. 

euteotio system oan not be Separated oompletely by crystal- 
li5ation. The mother-liquor will not be oonoentrated further 
than to the euteotio oompoeition. lhia means, that the pose%- 
ble yield depends on the euteotio limit, when dealing with 
eutectio systems. The poeeible reoovery of systems showing 
oomplete solid solution is not limited by the phase diagram. 
So additional means or methods are required, when a high re- 
oovery of a euteotio system is aimed at. 

Multistage separations are thus often required in 

Ae Figure 1 ~LOWB, the two compounds of a binary 
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CONTINUOUS FRACTION& CRYSTALLIZATION 103 

c1 B 
FIGURE 2. 

Complete solid so lu t ion  system. 

Crystals  can be grown from a melt o r  from a solution. 
The operat ion of c r y s t a l l i z a t i o n  from a melt i e  usual ly  pre- 
fe rab le ,  as i t  i s  less complicated than that o f  c rys t a l l i za -  
t i o n  from a solut ion.  Application of a solvent  may be consi- 

dered, however, for the following reasons: 
1) t o  lower the process temperature to  below the  melting 

point ,  when the compound i s  not s t ab le  a t  i t s  melting 
point ,  

2 )  t o  reduce 
growth and the s e t t l i n g  of the  c rys ta l s .  

3) t o  achieve a higher y i e ld  of the  pure cornpound from a 
eutec t ic  mixture by the formation of e.g. an  adduct 
(adductive c r y s t a l l i z a t i o n  .) 
cerns the recovery of para-xylene mixtures. 

v i scos i ty ,as  a high v iscos i ty  hampers the  

2 A well known example con- 

Adduct formation between carbontetrachloride and para-xylene 
may reduce the  eu teo t ic  concentration of para-xylene 
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104 ARKENBOUT 

from 13 down to 2 wt$’. Sui table  adducts a r e  a l so  known for 
the separat ion of para- and meta-oresol and for the  separa- 
t i o n  of para- and ortho-rdtrochlorobenzene. 

3 .  Multistage separat ion by repeated c rys t a l l i za t ion :  

Multistage separat ions can be obtained both by repea- 
t i n g  the s ing le  prooess o r  by es tab l i sh ing  a su i t ab le  counter- 
current  contact between two phases. 

A spec ia l  multistage c rys t a l l i za t ion  process based on 
repeating the s ing le  prooess bas been developed by Metallwerk 
Buohs (MWB)’. A s t r i k i n g  fea ture  of the  MKt? method is, that 
s o l i d s  handling and phaee eeparation a r e  avoided. 

WiB equipment comprises a c r y s t a l l i z e r ,  a co l lec t ing  tank, 
a product c i r cu la t ion  pump, eome storage tanka and a heating 
and cooling system. 

A scheme of the  MWB process is given i n  Figure 3. The 

The l i q u i d  to  be c rys t a l l i zed  is  introduced a t  the top 
of the  c r y s t a l l i z e r  by means of pump 4 . 
down in a f i l m  and forms a s o l i d  l aye r  on the  wall of the 
c r y s t a l l i z e r ,  a s  this wall is  cooled to  below the freezing 
point  of the mixture. Turbulent conditions prevai l ing i n  the 
film promote heat  and mass t ransfer .  

top of the  c r y s t a l l i z e r  u n t i l  the  desired r a t i o  between 
c rys t a l l i eed  f r a c t i o n  and remaining l i q u i d  has been obtained. 

The l i qu id  flows 

The l i qu id  col leoted a t  the bottom i s  fed  again t o  the 

The so l id  layer  I s  melted and can be fed again i n t o  
the orye ta l l izer .  

Multistage separat ions can be rea l ized  by repeat ing 
the prooesa and combining c rys t a l s  and mother-liquor of the  
several  s tages  i n  a su i t ab le  way. 

A flow eheet of suoh a n  operat ion i n  three stage8 is  
given I n  Flgure 4. High p u r i t i e s  and yielde can be obtained 
ueing this process. 
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 105 

1 

FIGW 3. 

Schematic representation of the I W 13 process. 

1 Storage tanks 
2 Crystallizer 

I Peed 
I1 Product 

3 Collecting tank 111 Mother liquor 
4 Product circulation pump 
5 Circulation pump 
6 Cooling heating system 

The mechanical construction of the equipment is rather simple. 
The energy consumption however, is considerablJt higher than 
that of oontinuoua fractional crystallization. 

4. Principle o f  oontinwura fractional oryetalliwrtion: 

For the sake of oonvenlence a ehort description of 
continuous fractional orystalliaation is given first. 
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ARXCENBOUT 

FIGURE 4. 

Flow sheet of M W B prooees in three stages, 

I Feed 
I1 Produot 
I11 Waete 

S Crystals 
L Melt 

Figure 5 represents a sohenatio flow sheet of oontl- 
nwua fraotional orystalllzation from a melt. 

may be considered to be analogous to distillation. 

end and melted i n  the melter (2) at the other end of the co- 
lumn. In the orystalliaatlon oolumn (1) the solid phase ie 
transported In oounterourrent to the liquid phase. The solid 
phase is the sum of the oryetale, the entrapped and the ad- 
hering liquid. The column i e  preferentially held i n  an 
adlabatio aonditlon in order to keep the flow rate of the 
oryetals oonstant throughout the oolumn. 

reoryetellimtion and ertraotive washing, 

are removed from the oryetale and the entrapped liquid as 

The prooess of oontlnuoua fractional crystallimtlon 

The crystale are formed i n  the crystallizer (3) at one 

Two meohanisma of maes transfer may be ooneidered 4 , 

Recrystallieation ie the meohanism by whlch impurities 
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 107 

Blow ehea 

3 

1 

2 

FIGURE 5, 

of oontinuow fractional aryetallizati 

1 Cryetallization oolumn I Feed S Cryetals 
2 Melter I1 Produot L Melt 

3 Crystallizer I11 Waete 
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108 ARKENBOUT 

the result o f  repeated phase changes in the liquid and the 
solid phase. 

Extractive washing is the mechanism by which the con- 
centration of impurities in the adhering Liquid is changed 
by transfer into the free liquid. Both mechanisms may occur 
simultaneously. A mathematical description o f  the contribu- 
tion of both mechanisms to the separation result has been 
given elsewhere . 5 

As in continuous distillation, product and waste may 
be withdrawn at both ends o f  the column. 
The feed oan be introduced at a suitable point of the column. 
The rate of  product take o f f  is determined by the phase dia- 
gram of the related compounds, the f low ra+ies and the mass 
balance in the column. 

A good separation efficiency can only be obtained in 
a countercurrent process, when a high rate o f  maas transfer 
between the two phases can be realized. 

The driving force for this interfacial mass transfer 
is the deviation from equilibrium at the interface. Mass 
transfer through the interfaoe will ocour in such a way, that 
the equilibrium deviation deoreases. 

The transport by diffusionof material to and from the 
interface often limits the rate d f  interfacial mass transfer. 
Therefore the separation efficienoy can be increased by 
speeding-up the rate o f  diffusion. Stirring is e.g. a well 
known method f o r  promoting diffusion in a liquid or a vapour. 

When orystals and a liquid are transported counter- 
currently in a column like a liquid and a vapour in a distil- 
lation column, the contribution of  recrystallization is small 
because of the extremely low rate of diffusion in a solid. 
Extractive washing is the dominating meohanism of mass trans- 
fer in such a oolumn. 

Consequently the separative power is limited, which 
makeethese oolumas less suitable for the separation o f  com- 
pounds forming solid solutions as well as for the attainment 
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 109 

of  extra hlgh purities. Washing columns are the only counter- 
current crystallization columns w e d  in large scale produc- 
tions thus far. 
Well known examples are those applied in the ttPhlllips process 
and the Brodie Purifier" (see section 5 ). 

In the column for continuous fractional orystallization 
developed by TNO the interfacial mass transfer is promoted 
by exerting a mechanical action on the arystals resulting 
in a high separation efficienoy per unit of length (see 
section 7 ). 

5 .  Phmips process and Brodie Purifier: 

Many attempts to realize countercurrent orystalliza- 
tion are described in literature. Several ereellent reviews 
are available on the subject 6 ,7 9 8 9  9. 

I n  this article the principle of  4 main developments 
are discussed: thePhillips process, the Brodie Purifier, 
the Schildknecht aolwnn and the TNO process. 

11913 The ltPhiSU.pstt process losll and the Brodie Purifier 
are based on: 
- slow crystallization to grow crystals as pure as possible, 
with suitable dimensions, 

obtained from molten crystals. 

scraped cooling system, where the crystals are formed and a 
washing column with a piston, a wall filter and a heater. 

- countercurrent washing of the crystals with a reflux flow 

The tfPhlllipeP equipment (Mgure 6) coneists o f  a long 

The crystals are forced down the cohumn by the piston, 
impure liquid is removed through the filter, and washing 
liquid, formed by melting cryetals at the bottom o f  the co- 
lumn, is transported upward countercurrently to the orystal 
flow. 
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110 ARKENBOUT 

FIGURE 6. 

P h l l l i p e  p r o o e ~ s ~  

Beoiprooating piston 
Soraped eurfaoe orystal l iaer 
Wall f i l ter  
WaeMng oolumn 
Yelter 

I Feed 
11 Produot 
I11 Mother liquor 

Pulsed washing oolumns have a leo  been wed. 

The process l e  applied on a large eoale for  the pur'l- 

f loat ion of para-xylene and the freese oonoentratlon of beer. 
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 111 

The fea tures  of the "Brodie  Pu r i f i e r "  (Figure 7) a r e  
a long, horizontal  f reezing sec t ion  consis t ing o f  a s e r i e s  
of cooling scraper  c r y s t a l l i z e r s ,  a feed which continuously 
en ters  the c r y s t a l l i z e r  sec t ion  somewhere i n  the middle and 
a long v e r t i c a l  pu r i f i ca t ion  section. 

A temperature gradient  i s  forced upon the c r y s t a l l i z e r  
sec t ions  and a countercurrent between the melt- and the 
c r y s t a l  flow i s  established. The purpose of this set-up is t o  

111 

I k 

Brodie Pur i f ie r .  

1 Refining sec t ion  
2 Reaovery sea t ion  
3 Washing oolumn 
4 Melter 

I Peed 
I1 Product 
I11 Waste 
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112 ARKENBOUT 

grow crystals from as pure a melt as possible, rather than 
all f rom the least pure reject waste. 

rate. The residence time may be up to 24 h. 

for the separation of para- and ortho-dichlorobenzene and the 
purification of naphthalene. 

Extractive washing is the dominant mechanism of mass 
transfer in these crystallization columns. The contribution 
of recrystallization to the separation effect is small, The 
number of cryatallization stages obtainable is therefore 
rather limited. T h i s  makes these processes not very suitable 
for the separation of  compounds forming solid solutions or 
for the attainment of extra high purities and yields, espe- 
cially when kinetic effects deorease the separation efficiency 
of the single process. 

The crystallizer is very l ong  to decrease the growth 

Technical applications of  the Brodie Purifier are known 

6. Schildkoecht column: 

Schildknecht has developed a column for continuous 
fractional crystallization applicable on a 1ab.scale 
(Figure 8)14. T h i s  type of column has been investigated and 
further improved a.0. by Betts and Girling 7 9 f 5  and by Powers, 
Albertina and Henry 

Crystal growth, countercurrent flow o f  solid and liquid 

15917. 

and melting of the orystals all take place in one vertical 
colwllL1. 

The colunn is annular in cross-section. A forced trans- 
port of the crystals is realieed by means of a rotating helix. 
The rotating spiral oonveys the crystals between the two 
conoentric tubes in the desired direction, in countercurrest 
to the liquid phase. 

Aoceptable results have been reported in labescale 
columns based on this principle. The process appears to be 
applicable to both s o l i d  solution systems and eutectic mix- 
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 113 

t 

t 
I1 

FIffURE 8. 

Schildknecht column. 

1 Pur i f i ca t ion  eect ion 
2 Melting aec t ion  
3 Beez ing  eeot ion 

I Feed 
I1 Prcduot 
I11 Waete 

tures. Most reported r e su l t8  ccnoern the pu r i f i ca t ion  o f  
benzene. Though the separat ion e f f e c t  of the column i e  l imi ted  
i n  a number of  caeee, high throughputs have been obtained 
(51/h using a 50 mm column). 

The Schildknecht column has a number of disadvantages. 
The conetruct ion of the  column is r a the r  complicated 

and the  dimenalone appear t o  be very c r i t i c a l .  As the  column 
s i z e  is increased, the h e l i c a l  c o i l  becomes more d i f f i c u l t  
t o  f ab r i ca t e  and operate with the neceseary small clearance 
between the  h e l i x  and the walle. The h e l i c a l  c o i l  may be re- 
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114 ARKENBOUT 

placed by an Archimedean dcrew, i n  which the h e l i x  i s  at tached 
t o  a cent ra l  shaft and r o t a t e s  with i t ,  but this screw, too, 
m u s t  have appropriate ,  c lose ly  defined gefimetric proportions. 

The operat ion of the  column is i n su f f i c i en t ly  r e l i ab le .  
The control  of c r y s t a l  growth, c r y s t a l  flow and product- and 
waste streams is d i f f i c u l t .  P i l o t  oolumns of up to  200 mm 
diamet e r  have been operated succ esaf ul1.y. 

Attempts to  fu r the r  scaling-up the col-umn to  dimensions 
of technical  I n t e r e s t  have beenunsuccessful thua far. 

I n  order t o  overcome these d i f f i c u l t i e s  of continuous 
f r ac t iona l  c rys t a l l i za t ion ,  THO has developed a new crys ta l -  
l i z a t i o n  column. The s t r i k i n g  fea ture  of the TNO column is the  
promotion o f  the i n t e r f a c i a l  masstransfer by exert ing a mecha- 
n i c a l  ac t ion  on the c r y s t a l s  r e su l t i ng  i n  a high separat ion 
eff ic iency per unit of l q t h .  

Pr inc ip le  o f  TMO proce8s. 
I n  the TNO cryatal l iz ia t ion column the  separa t ive  ac t ion  

is not only obtained by washing but a l so  by a n  even dominating 
process of continuous repeated c r y s t a l l ~ z a t i o n l ~ ,  19920.  A f l o w  
sheet  of the process is given i n  Figure 9. 

It appeared, that the i n t e r f a c i a l  mass t r ans fe r  between 
the  c rys t a l s  and the l i q u i d  phase in a countercurrent column 
can be promoted by exert ing a mechanical ac t ion  on the 
c rys ta l s .  

T h i s  mechanical ac t ion  may r e s u l t  i n  damaging, breaking, 
cleaving, s p l i t t i n g  and/or grinding o f  the c rys ta l s .  By this 
a suspension of p a r t l y  damaged c rys t a l s  with very d i f f e ren t  
p a r t i c l e  s i zes  is obtained, Such a suspension is not s tab le ,  
The small o r  damaged p a r t i c l e s  will melt, whereas the l a rge r  
and more perfeot  c rys t a l s  grow, a t  l e a s t  when the system is 
held in an  ad iaba t ic  condition. I n  thls way impuritiee may 
t r ans fe r  from the  s o l i d  t o  the liquid phase. 

A t  the same time a g rea t  number of diebocatione is 
introduced i n  the  c rys t a l s  increasing the mobility of t he  
impuri t iee  in the  solid phaee. The composition. and the  
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III '+ 

FIGURE 9. 

TNO procem. 

1 Cryetalllzatlon column 
2 Yelter 
3 Ultrasonic cryetalllaer 

115 

I Feed 
I1 Product 
I11 Waste 
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temperature o f  t h e  l i q u i d  phase meeting the  c r y s t a l s  counter- 
c u r r e n t l y  w i l l  dev ia te  from t h e  equi l ibr ium values  of  t h e  
s o l i d  phase enhancing t h e  melt ing o r  d i sso lv ing  of t h e  small 
and damaged c r y s t a l s  being not  s t a b l e  and thus i n c r e a s i n g  
supersa tura t ion .  

By the countercurrent  t r a n s p o r t  of  c r y s t a l s  and l i q u i d  
phase the  ( r e )  c r y s t a l l i z a t i o n  o c c u s  from another  (more pure) 
melt  o r  mother l i q u o r t h a n  surrounding these  c r y s t a l s  o r i g l -  
na l ly .  I n  t h i s  way concent ra t ion  d i f f e r e n c e s  can be r e a l i z e d  
i n  a colwnn in a way analogous t o  d i s t i l l a t i o n  and ex t rac t ion .  

Vibrat ion o f  t h e  colunn containing proper combinations 
o f  b a l l s  and s i e v e  p l a t e s  appears  t o  be a simple method f o r  
providing a s u i t a b l e  mechanical a c t i o n  on t h e  c r y s t a l s  en- 
hancing r e c r y s t a l l i z a t i o n .  Besides f o r  this mechanical a c t i o n ,  
t h e  combination of b a l l s  and per fora ted  p l a t e s  provides f o r  
a good countercurrent  t r a n s p o r t  of c r y s t a l s  and l i q u i d .  

A t  the  same time a n  i n t e n s i v e  s t i r r i n g  i s  obtained a t  
t h e  c r y s t a l  i n t e r f a c e s  promoting d i f f u s i o n  in t h e  l i q u i d  
phase by decreasing boundary l a y e r s  e.g. in t h e  pores  of the  
c r y s t a l s  . 
The poss ib le  r a t e  of t r a n s p o r t  of t h e  c r y s t a l s  through t h e  
column i s  determined by the  sedimentat ion proper t ieo  of t h e  
c r y s t a l s ;  t h e  s e p a r a t i v e  power of t h e  column p e r  unit  of 
l ength  by the  r e s u l t  o f  mechanical a c t i o n  and r a t e  of recrys-  
t a l l i z a t i o n .  The h igher  t h e  r a t e  of r e c r y s t a l l i z a t i o n  i s ,  the  
smal le r  t h e  residence time of t h e  c r y s t a l s  can be. 

t h e  t r a n s p o r t  r a t e  o r  t h e  residence t ime o f  t h e  c r y s t a l s  
depending on t h e  p r o p e r t i e s  o f  t h e  system and the  d i f f i c u l t y  
of t h e  separat ion.  

The production r a t e  of t h e  column i s  l i m i t e d  e i t h e r  by 

8. Calcula t ion  of t h e  s e m r a t i o n  e f f ic iency:  

When t e s t i n g  a c r y a t a l l l z a t i o n  oolumn i t  is d e s i r a b l e  
t o  express the  s e p a r a t i o n  e f f i c i e n c y  in numerical terms e.g. 
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CONTINUOUS FBACTIONAL CRYSTALLIZATION 117 

in r e l a t i o n  t o  the column proper t ies  and product flow. The 
theore t ioa l  p l a t e  concrept can be used f o r  this purpose, as 
in d i s t i l l a t i on5~18 .  

The number of theore t ioa l  p l a t e s  can be calculated 
according to  the f O l l O W b g  method. 

When dealing with a binary system,forming s o l i d  solu- 
t ion6, the r e l a t i o n  between the  ooncentrations in the  two 
phaaes leaving the nth p l a t e  in the  production s i d e  o f  the  
oolumn may be presented by (Mgure 10 ) 

where K is the equilibrium constant 
=n is the  mole f r ac t ion  of the  impurity i n  the  c r y s t a l  

t h  phase leaving the nth p l a t e  and entering the  (n + 1)  

plate .  

phase leaving the  nth p l a t e  and enter ing the  (n - 
plate .  

yn is the mole f r ac t ion  of the impurity in the  l i q u i d  

The maes balanoe in a or088 sec t ion  of the  produotion s ide  
of the  column may be given by: 

where S is the  flow r a t e  of the  c r y s t a l  p h s e  
L is the  flow r a t e  of the  l i q u i d  phase i n  the  produo+ 

P is the  r a t e  of product flow. 
?P i e  the  mole f r a a t i o n  of the  impurity in the  product 

t i o n  side O f  the C O l m .  

flow. 
When dealing with the waste s ide  of the column, the  equi l i -  
brium ohndition may be wr l t ten  as 
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FIGURE 10. 

Flow eheet fop the aalaulation of the number of theoretiaal plates. 

1 Refining eeation 
2 Yelter 
3 The nth plate 

4 Beaovery section 
5 Orystalli%er 
6 9he mth plate 

*ere 'm i e  the mole fraation of impurity in the aryetal 
phase leaving the mth p l a t e  and entering the 
(m - llth plate. 

ym ie the mole fraction of impurity in the l i q u i d  
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 119 

phase leaving the mth plate and entering the 
(m + llth plate. 

In this case the mass balance may be represented by 

1 where L is the flow of the liquid phase in the waste aide 
of the column . 

W is the rate of waste flow and 

yW is the mole fraction of impurity in the waste flow. 

1 It is assumed, that S, L, L 
column. 

and K are constant throughout the 

The number o f  theoretical plates corresponding with the 
Separation result can be calculated f rom the equations 1,2,3 

and 4. T h i s  calculation can be easily carried out with a 
pocket calculator. 

The number o f  theoretical plates can also be determined 
graphically using the Nc Cabe Thiele method. 

As an illustration, the number of  theoretical plates 
required for a distinct separation has been calculated. The 
ratio between the rates of product- and crystal flow was 
varied. It was assumed that the equilibrium constant amounts 

to 0.4, 
The results are summarized in Table 2. 

Table 2 shone, that quite a number of crystallization stages 
may be required in separations of solid solution systems, 
when high purities are aimed at. 

When the separative action of a crystallization column 
is based on repeated crystallization, it must be possible to 
realize such a number of crystallization stages in one opers- 
tion. 

retical plate concept in continuous fractional crystallization 
It may be noticed, that the applicability of the theo- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



120 ARKENBOUT 

Table 2. 
Calcu1.ated number of theoretical plates, required 
f o r  a distinct aeparatinn essuming X = 0.4. 

concentration of impurity ratio between number of 
mo1.e fraction rates of product- theoretical 
feed product and crystal flow plates 

0.1 

0.1 

0.1 

0.1 

0.2 
0.2 

0.2 

0.2 

0.3 
0.3 
0.3 
0.3 

0.01 

0.01 

0.01 

0.01 

0.001 

0.001 

0.001 

0.001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0 

0.1 

0.2 

0. I- 
0.0 

0.1 

0.2 

0. 4 
0.0 

0.1 

0.2 
0.4 

2.7 
2.9 
3.3 
1.9 
6.0 
6.8 
7.9 

13.8 
9.2 

10.4 

12.2 

24.0 

is limited to eolid solution systems.It ie not useful to 
exprees the efficiency of a column as a number of theoretioal 
plateswhen dealing with a eutectic system. 

According to the solid-liquid equilibrium line of a 
eutectio system the possible separation can always be ob- 
tained In one theoretical stage. Then the eeparative action 
of a column always corresponds with less than one theoretical 
stage. 

fective eingle atage eeparation effect could be defined for 
eutectic syetems. Then it could be possible to exprese the 
plate efficiency for euteotic systems in numerical term, too. 

When kinetic effects can be taken into aocount, an ef 
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3. Separation of systems forming s o l i d  solut iona:  

It i s  well known, that the removal of thiophene from 
benzene usual ly  OCCUTS by chemical means, the physical means 
l i k e  d i s t i l l a t i o n  and c r y s t a l l i z a t i o n  being inadequate thus 
far. 

Tackling the separat ion of this l tsol id  solut ion" system 
by c r p t a l l i z a t i o n  was considered as a challenge t o  prove the 
e f f i c i e n t  separat ing power of the column developed. 

The value for the  equilibrium constant o f  the benzene - 
thiophene system has been obtained by normal f reez ing  experi- 
ments and by temperature - heat  content curves2'. The e f f i -  
ciency of the normal f reezing process was increased using a 
spec ia l  s t i r r i n g  device2*. The value obtained for the equi- 
l i b r i u m  constant was 0.40. T h i s  means, that a f t e r  a s ing le  
s t e p  c rys t a l l i za t ion  the c r y s t a l s  w i l l  contain a t  l e a s t  40 f 
of the o r ig ina l  impurity content, which i s  a very poor r e su l t .  

The column conditions appl ied were: diameter 80 mm, 
opening of p l a t e s  0.6 x 0.6 mm, number o f  metal b a l l s  -30, 

diameter o f  b a l l s  - 12 mm, amplitude of v ibra t ion  -0.3 mm, 
frequency -50 c/s, r a t e  o f  c r y s t a l  flow - 0.6 kg/h, t o t a l  
reflux. 

The concentration o f  the thiophene and a number of co- 
lumn conditions have been varied. 

The samples were analyzed by GLC using carbowax as 
s ta t ionary phase. 

The concentrations a t  top and bottom of the 
oolumn have been r e l a t ed  with the number of t heo re t i ca l  
p l a t e s  according t o  the  procedure described i n  sec t ion  
8. If i t  i s  assumed, t h a t  the a c t i o n  o f  the c r y s t a l l i z e r  
equals t o  one theo re t i ca l  p l a t e ,  the  ac t ion  of the column 
equals t o  the number o f  t heo re t i ca l  p l a t e s  obtained minus 1. 

5, 6 and 7 189'9. The data  of Table 3 ind ica te  
The data obtained a r e  summarized i n  the Tables 3, 4, 

the dependence 
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of t h e  s e p a r a t i o n  r e s u l t  on the  thiophene concentratLon and 
t h e  column length  Table 4 shows t h e  dependence of t h e  sepa- 
r a t i o n  r e s u l t s  on t h e  d is tance  between t h e  s i e v e  p l a t e s  
and Table 5 t h e  dependence on t h e  c r y s t a l  flow. Table 6 g ives  
a summary of t h e  tables 3,  4 and 5. Table 7 g i v e s  t h e  depen- 
dence of t h e  s e p a r a t i o n  r e s u l t s  on vibra t ion .  

It fol lows from t a b l e  3 ,  that a s a t i s f a c t o r y  s e p a r a t i o n  
e f f i c i e n c y  per  s ieve  p l a t e  can be obtained. 

Various concent ra t ions  of thiophene have been t e s t e d  
and a l l  gave about t h e  same e f f i c i e n c y  p e r  s i e v e  p l a t e .  Thus, 
t h e  separa t ion  obtained viith t h e  column, expressed i n  number 
of t h e o r e t i c a l  p l a t e s ,  shows l i t t l e  dependence on t h e  con- 
c en t ra t ion .  

Table 3 shows, that very high as well  as very low 
concentrat ions of impuri ty  may be removed, proving $hat this 
c r y s t a l l i z a t i o n  colunn may be s u i t a b l e  f o r  t h e  p r e p a r a t i o n  
of very pure compounds. 

During this s e r i e s  of experiments no t  only t h e  concen- 
t r a t i o n  has been var ied ,  but  a l s o  t h e  l e n g t h  of t h e  column, 
t h e  d is tance  between t h e  s i e v e  p l a t e s  and t h e  r a t e  of c r y s t a l  
f low i n  order  t o  i n v e s t i g a t e  the  dependence of t h e  s e p a r a t i o n  
e f f i c i e n c y  of t h e  c r y s t a l l i z a t i o n  column on these  condi t ions.  

It fol lows from t h e  r e s u l t s  obtained,as  is  i n d i c a t e d  
i n  Table 3 , t h a t  t h e  s e p a r a t i o n  e f f i c i e n c y  per  s i e v e  p l a t e  
does not  depend on t h e  column l e n g t h  
var ied  between 700 and 1400 mm. T h i s  means, t h a t  t h e  separa- 
t i o n  a c t i o n  of  t h e  c r y s t a l l i z a t i o n  column may be considered 
t o  be propor t iona l  t o  t h e  l e n g t h  o f  t h e  column. 

when the  l e n g t h  is 

The s e p a r a t i v e  a c t i o n  of t h e  column decreases  when t h e  
d is tance  be tweenthes ieve  p l a t e s  is enlarged from 100 t o  200 
mm. I n  this reg ion  t h e  separa t ion  a c t i o n  of t h e  column appears  
t o  be i n v e r s e l y  propor t iona l  t o  t h e  d is tance  between t h e  
s i e v e  p la tes .  The separa t ion  e f f i c i e n c y  p e r  s i e v e  p l a t e ,  
however, remains t h e  same. 
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128 ARKENBOUT 

The separat ion eff ic iency of a sieve p l a t e  decreases 
when the r a t e  of c r y s t a l  flow increases. I n  the experimental 
conditions appl ied, the s ieve p l a t e  eff ic iency was about in- 
versely proportional t o  the c rys t a l  flow. 

I n  a number of experiments a small amount of dye-stuff 
was added to  the  t e s t  mixture. I n  a l l  cases a s h a r p  boundary 
between coloured and colourless  substance was seen a t  the 
f-t sieve p l a t e  j u s t  below the c rys t a l l i ze r .  No evidence 
was obtained from the colour observations, that the decrease 
o f  separat ion e f f ic iancy  may be caused by an  increase of 
longi tudinal  dispersion. 

the residence time of the c rys t a l s  i s  the l imi t ing  f ac to r  of  
the process, it may be expected, that the separat ion eff ic ien-  
cy does not depend on the dis tance between the s ieve plates .  

5. Both a t  c rys t a l  flow r a t e s  of  0.6 kg/h and 1.2 kg/h the 
separat ion eff ic iency of the  column i s  inversely proportional 
t o  the distance between the s ieve plates .  T h i s  means, that 
the  decrease of the separat ion eff ic iency a t  increasing 
o rys t a l  f l o w  rates can not be explained by a too shor t  reei-  
dence time of the  c rys ta l s .  

When supposing, that a t  higher r a t e s  o f  c r y s t a l  f l o w  

This i s  not the case, however, as may be seen i n  Table 

From this i t  may be assumed, that the l1grindingv1 ef f i -  
ciency i s  the primary l imi t ing  f ac to r ,  when the c r y s t a l  flow 
r a t e  i s  increased. 

To see whether this assumption may be va l id ,  the am- 
p l i tude  of vibra t ion  was increased i n  a s e r i e s  of experiments. 
As follows from Table 7,, the Separation eff ic iency was i m -  
proved considerably then f o r  the higher r a t e  of c r y s t a l  flow. 

I n  a l imi ted  nupber of experiments product and waste 
have been withdrawn. 

From the r e s u l t s  of analys is  It appeared that the ex- 
perimental r e l a t i o n  between pur i ty  and product flow corre- 
sponds with the theore t ioa l  one calculated from the phase 
diagram. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



CONTINUOUS FRACTIONAL CRYSTALLIZATION 129 

From the decrease of colunn contents between the  start 
and steady s t a t e  of the  column i t  could be deduced that about 
30 vol  % of the  column contents a r e  c rys ta l s .  As has been 
shown, 5 theore t ica l  p l a t e s  per  meter have been obtained, 
when the r a t e  of c r y s t a l  flow anounta to 0.6 kdh. From this 

it  follows that the residence time o f  the c r y s t a l s  per  crys- 
t a l l i z a t i o n  s tage  amounts t o  30 mln. 

The m i n i m a l  residence time i s  d i f f i c u l t  t o  estimate. 
It will be invest igated whether the  residence time per  crys- 
t a l l i z a t i o n  s tage  can be decreased fu r the r ,  e.g. by increa- 
sing the  t'grindingtt efficiency. As w i l l  be obvious, the  
residence time required w i l l  always be system dependent. 

It may be concluded from these experiments w i t h  the 
model system benzene-thlophene, that multistage separat ions 
can be rea l ized  i n  the  TNO oolumn f o r  continuous f r ac t iona l  
c rys t a l l i za t ion .  

10. Survey of experimental r e su l t s :  

After the  encouraging r e s u l t s  obtained with the 
benzene-thiophene oystem, many other  systems, including pro- 
ducts o f  technical  i n t e r e s t  l i k e  a number of aromatic hydro- 
carbons, have been separated using columns with a length 
varying from 500 up t o  1500 nun and with a diameter of 80 mm. 

The mixtures have been c rys t a l l i zed  from a melt as well 
a8 from a solution. Concentration gradients  of more than 
50 at  $ per meter have been established. Multistage separa- 
t ions  can be obtained in such a column. 

P la t e  numbers equal t o  5 per  meter have been rea l ized  
corresponding w i t h  a p l a t e  e f f ic iency  (number of t heo re t i ca l  
p la tes  p e r  s ieve p l a t e )  of about 50 %. 

The removal of very low amounts of impurity is possible, 
proving that this c rye ta l l i za t ion  column is a l so  useful  for 
t he  preparat ion of very pure compounds. 
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130 ARKENBOUT 

As an  example benzene has been pur i f ied  t o  a very high 
degree. 

Only 2 ppm have been l e f t  from the impuri t ies  detec- 
t ab le  by the gaschromatographic method applied, whereas the 
s t a r t i n g  mater ia l  contained 700 ppma 

Such a very low impurity content a s  a t t a ined  I s  seldom 
found i n  the high cos t  samples of pure bensene, which a r e  
offered f o r  s c i e n t i f i c  purposes. 

Process temperatures from minus ~ O O C  up t o  plus IOOOC 

have been applied. The r a t e  of product flow has been varied 
(depending on the propert ies  of the  mlxture provided) from 
0.03 up t o  0.3 kg/m2s. 

The conditions of operat ion a r e  not c r i t i c a l .  The 
column, once set  a t  the  proper conditions demanded by the  
systems to  be separated, needs hardly any a t ten t ion .  Ful l  

automation of the  process and unattended operat ion of the 
column i s  achieved. 

The r e s u l t s  of separat ion and pu r i f i ca t ion  hardly de- 
pend on the conditions of c rys t a l  formation i n  the cooling 
scraper  c rys t a l l i ze r .  

The coluin can be combined with any type of crys ta l -  
l i z e r .  

As w i l l  be c l ea r ,  good s e t t l i n g  proper t ies  of the  cry- 
s t a l s  f a c i l i t a t e  the operat ion of the  column. The c r y s t a l  flow 
can be speeded up by a simple pulse  ac t ion  obtainable by a 
discontinuous removal of product a t  the bottom of the  column. 

J 1. Scaling-up : 

It was l e a r n t  from i n d u s t r i a l  sponsors, that the  corn- 
merolal f e a s i b i l i t y  of the process seems r a the r  good. 

The simple construct ion of the  column and the easy and 
r e l i a b l e  operation o f  the process a r e  some promlsing fea tures  
according to  the sponsors. 
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 131 

ryloreover, high speed mechanical equipment f o r  the 

separat ion of c r y s t a l s  and mother l iquor  l i k e  centr i fuges i s  
not reGuired, when c r y s t a l l i z i ~  from a melt, 

From this i t  w a s  concluded, that scaling-up the labo- 
tory  column to dimensions o f  technical  I n t e r e s t  is  worthwhile. 

A plan f o r  the  scaling-up based on a cooperation be- 
tween a manufacturing company, some producers o f  chemicals 
and TNO wassset up. 

The manufacturing company, Apparaten- en Ketelfabrielc 
AKF a t  Goes, the Netherlands, mzde a design f o r  a technlcal  
column with a diameter of 500 mm. The main difference between 
the designs of the t e c M c a l  and the  lab. column concerns the 
method of vibrating. The lab.  column i s  vibrated i t s e l f  i n  
order t o  move the metal bal ls .  I n  the technical  column the 
s ieve  p l a t e s  a r e  mounted on a common rod connected to  a n  
excentric. By v ibra t ing  the cen t r a l  rod the metal b a l l s  a r e  
a g i  ta t ed . 

A s e r i e s  of tests with respect  t o  the mechanical 
operat ion of such a column w i n g  prototypes containing 1 and 
5 sieve p la tes  with a diameter o f  500 mm has been car r ied  out. 
No e s sen t i a l  d i f f i a u l t i e s  have been enoountered. 

On the base o f  this experience AlU? has constructed 
a p i l o t  plant  column with a length of 3 m, a diameter of 500 
mm and containing 19 sieve plates .  Mechanical t e s t s  showed 
very sa t i s f ac to ry  resu l te ,  S t resses  i n  and acoelerat ions of 
the  vibrat ing p a r t s  remain within acceptable limits,which W i l l  

guarantee continuous operation f o r  years. Noise l e v e l  during 
operat ion turned out t o  be surpr i s ing ly  low. 

A 5-sieve t r a y  model having the  same design and con- 
s t ruc t ion  pr inc ip les  as the p i l o t  p lan t  oolumn has been tes- 
ted  to  determine the prooess parameters for the p i l o t  p lan t  
and to  study scaling-up e f f ec t s  on the process. Mixtures 
containing para-xylene o r  benzene as main component have been 
investigated. It was establ ished,  that a s t ab le  c r y s t a l  bed 
could be achieved. The r e s u l t s  with the para-xylene based 
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132 ARKENBOUT 

(eu tec t ic )  system were f u l l y  comparable with those o f  labo- 
ra tory  experiments w i n g  an  80 mm g l a s s  oolumn. With the 
benzene based (so l id  so lu t ion)  system the results were s l igh-  
t l y  lower than those o f  e a r l i e r  experiments. T h i s  e f f e c t  
s e e m  to be due to  dimensional d e t a i l s  and these w i l l  be 
improved. The experiments have shown, that operat ion is 
r a the r  easy. 

PIffmFI 11. 

General view o f  p i l o t  i n s t a l l a t ion .  
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CONTINUOUS FRACTIONAL CRYSTALLIZATION 133 

To obtain r e s u l t s  for a 300 tons per year uni t ,  a p i l o t  
plant  has been constructed, using the 19 sieve 500 mm dia. 
column which had already been tes ted  mechanically. This p i l o t  
plant  has been b u i l t  as a skid-  mounted t ransportable  unit. 

Figure 11 gives a general view of this p i l o t  unit. A t  the  
moment production t e s t s  are car r ied  out  a t  AKP. The first 

compound to  be pur i f ied  is naphthalene. 
Since the capacity of a 19 s ieve t r ay  500 mm column 

is estimated a t  about 300 tons per  year, i ts  most promising 
f i e l d s  of appl ica t ion  seem to  be those of pure and u l t rapure  
chemicals, photo-chemicals and pharmaceuticals. For the  eva- 
l ua t ion  of the p o s s i b i l i t i e s  f o r  bulk chemicals, scalingwup 
to  columns with l a r g e r  diameters is essent ia l .  Using the 

information obtained while t e s t ing  the 500 mm column, a 5- 
s ieve t r a y  model with a diameter of 2000 mm has been designed. 
One s ieve is now under construct ion and w i l l  be exposed t o  

vibra t ion  t e s t s .  If the t e s t  results a r e  pos i t ive ,  the  5- 
sieve t r ay  model w i l l  be tes ted  mechanically, a f t e r  which 
production t e s t s  w i l l  be car r ied  out ,  using the ex is t ing  
f a c i l i t i e s  on the mobile unit. 
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