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In order to try to ans we r a numbe r of problems the sugar 
industry i s having to a ddress i n recent years , a n in- depth 
investigation was c onducted to evalua t e t he poss i bility of 
directly crystal lizing sucrose from raw juice ( I , 2 , 3). 
Naturally, such an approach would make it poss ible to 
completely eliminate any r aw juice pu r if ication step. 

The advantages coming from such a simplified processing 
scheme (Fig. 1) wou ld affect e nvironmental, economlC , 
technological and process equipment areas o f sugar product~ 
ion. 

Concernig the environmental area, we should po int o ut t hat, 
other than beet fluming and was h water, pol luting wastes of 
solid, liquid or gaseous types come almost exclusively from 
juice purification pla nts on the whole. The tot a l elimination 
of the usual purifi c a t ion steps would thus practical ly 
eliminate this problem, and in particular the increasing 
difficulties associated to sludge disposal . Moreover, the 
possibility of not extracting lime would certainly he lp t o 
minimize problems related to the environment. 

From the economic point of view the p roposed technology 
undoubtedly involves either an energy saving be c ause of t he 
complete elimination of the full juice purificat i on s tation 
and thus coke utilization f or the kiln , or a s a v i ng in 
operating costs due to the simplicity of the process i tse lf . 

From the technology point of view, the problems rel a ted to 
the poor quality of beet grown unde r unfavourable cl imatic 
conditions are noticeably reduced. In f act, the problem of 
elimination of non-sugars in the purification step, which is 
particularly important for beet of poor quality , is 
completely overcome and has to be reconsidered. 

From the process equipment ~ngle, the beet processing scheme 
is completely simplified, as outlined above. Thus, the 
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proposed tec h nology cou l d offer the va lid option of 
increasing t he capacity of a sugar factory without bu ild i ng a 
new kiln o r enlar g i ng the traditional juice purif i cation 
plant . Is th i s the first developmen t step which can be 
expected from th i s t ype o f technology which , only in the l ong 
r un, cou ld replace obsolete traditional plants. It shou ld be 
obviou s t ha t t his new technology would eventua lly be adopted 
in considering a t o tal economi c balance which, as well as 
determi n i ng white sugar y i e l d s , wo uld take overall account o f 
a l l t he aspects me nt ioned above . 

What is more, we have to be a r i n mind that a ll the no n- s uga r s 
present in t he beets, i ncluding the nit r ogenous , p hos phate 
a nd oxya c i d components which are normal l y e l imi nated in 
purification, rema in as su c h i n the molass e s . Thi s as a 
resul t, improves its c harac teristics bot h as a raw mater ia l 
for b iotechnolog i cal i ndustries and a s an animal feed . 

Lastly, s hould the slightly acid condi t ions, at which both 
concentration and crystallizat i on t ake p l ace , promote a sma ll 
amount o f sucros e inver sion, we have to take into acco unt 
t hat t he invert sugar i s not comp letely destroyed a s i s t he 
case dur i ng t raditional juice purif icat i on. Thus i t is almost 
totally fo und i n the molasses . Firs t and second p roduct r aw 
sugar , ( s ee Fig. 1 ), would be a ff inated , di s solved, f i ltered 
a nd r ecrystalli z ed in order t o obt ain c ommercia l wh i t e sugar, 
as s hown in Fig. 2. 

The feasibi l ity o f the propos ed pro j ect, as described in the 
literature cited above, is bas ed on a complete modificat i on 
o f the tradi t i onal concent rat ion and c rystal lization 
conditions: concent r ation is t o be carried o ut a t as low 
temperature as possible, whilst crys t al li zation is run 
a ccording to the cooling technique. Experiment s o n a semi ­
industria l pilot plant (F i g. 3 ) operated in clo s e coope r ation 
with t he sugar i ndust r y, have t o-dat e given encouragi ng 
r esults. Because there are no juice puri f i cation s tages, i t 
was pred ictable t hat the non-sugars normally e limi nated in 
purificat ion might change the s ucrose solubi l ity conditions 
experienced in the traditional crystallization process . The 
relatively high crystallization yields t ogether with the low 
purit i es of the molasses which we obtained, allow us to 
f orecast lower sucrose solubi lity valu e s than those which are 
found i n the tradit ional proces s. Such expectat i ons are 
mor~over s upported by the f act that compounds which e xert a 
we l l-known salting-out e{ffect , s uch as i nvert sugar, 
magnesium ions and some nitrogen compounds, ment ioning just a 
few, are present at rather high l evel s in the crys tallization 
magmas coming from raw juice di rect c rystallization. 
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MATERIALS AND METHODS 

In order to evaluate sucrose solubility conditions in the two 
steps of first and second crystalliza tio n we used a techn i que 
based upon the satur o scope principle (4). 

We have carried out sol ubility tests at different tem­
peratures, both on the co ncentrated r aw j uice to be 
crystallized t o y ie ld the first product, and on t he 
concentrated r un-off s yrup to be crystall ized to yield the 
second product (see Fig. 1 ) . The juices wer e obtained from 
the pilot p l ant shown i n Fig . 3 du ring 199 1 campaign (3 ). 

We varied the S/W values (S = sucrose, W = water ) of such 
syrups, and the tempe ratures correspond ing to t heir satura ­
tion were recorded. 

In order to optimi ze t he crystalli za t ion cond i t ions a nd to 
evaluate the exhaustab ilit y of the mo lasses in respect of 
the non-sugars' influence on sucrose so l ubility under the 
crystallizat i on condi tions described above , we determined the 
molasses saturation f unction using the Pol ish Test criteria 
( 5 ) . 

Because in such molasses all the non- sugars, which 
traditionally are eliminated in the purification stage , are 
present , we have suppo sed that Wiklund 's ru le ( 6) cou ld not 
be va lid . As is known, t he Wi klund 's r ul e po i nt s o ut t hat the 
saturation curve is i ndependent of the temperature , and f or 
this reason the Polis h Test is carried out at a tempe rat ure 
of 80 DC. On t he other hand , the va l idity of Wicklund's ru le 
for traditional molas s e s is no t condit ioned by the fact that 
the effect of the non- s ugars on sucrose solubility is 
independent of the temperature (7), but by the f act that the 
positive and negative e ffects exe rted by t he various non­
sugars balance each other ou t . Therefo re, we hav e applie d the 
Polish Test at various temperatures and have proper l y 
extended the time of contact betwe en crystals and molasses at 
the lowest temperatures . 

Taking into account that, in the proposed techno l ogical 
scheme , crystal li zation is carried out by cooling, it becomes 
important to know t he saturat ion functions throughout the 
whole cooling range. Consequently , we have calcu l ated the 
solubility curves for the three temperatures of 8 0 , 60 , a nd 
40 DC. 
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RESULTS AND DI SCUSSI ON 

Fig. 4 s hows the r esu lts, obtained from the so l ubility tests 
carr ied ou t o n concentr a ted raw j uice and conc ent r a ted r u n­
off s yrup, i n compar i son with the so l ubil ity curve fo r p ure 
sucrose s olution. The p u r e s u c rose sol ution data are those 
r e ported by Va v r inecz (8, 9 ) a nd we re calculated by e q . / 1/ : 

2 
p 64 .4 47 + 0 . 08 22 2 x t + 0 . 0016169 x t 

3 4 /1/ 
- 0.00 0 00 1558 x t - 0 . 000 0000463 x t 

whe r e P = g s u c rose in 100 g so lution and t = temperature i n 
DC. From t he e xperiment a l d a t a ob tained t he coefficie nts of 
e q. / 1 / were p roperl y modif i ed in ord er t o arrive a t t he 
s o l ubil ity e q ua t ions f o r concentrated raw j uice ( eq . /2 / ) a nd 
concentra t ed run-of f syrup (eq . / 3/ ), resp e ctively: 

2 
P = 63. 2 68 + 0.079 5 x t + 0. 001 67 569 x t 

3 4 / 2/ 
0 .00000 1 05 8 x t - 0.000 00 004 6 3 x t 

2 
p 62.750 + 0.08 1 x t + 0 . 00 1631 69 x t 

3 4 /3 / 
0.00000 11 69 x t - 0 .00 000 003 58 x t 

Us i ng equations /2/ and / 3/ it is possible to calculate 
solu bi l ity tab l es for raw j uice a nd f or run- o ff s yrup a s d o ne 
b y Smyt he (10) for pure sucr o s e sol ution. However, we c a n 
only s et up all the s olubi l ity tab l es r e lated t o t he dif f ­
e r e n t pur i ties corresponding t o the variou s r aw ju i c e s and 
r u n-of f s y r ups t e s t ed. Of c ours e , we mus t assume as valid t he 
hypothe s i s that f or di f feren t r aw j u i c e s and r u n-off syrups 
o f different puri t i es, t he effect o f the non-sugars on 
s ucrose s o l ub i l i ty may be compara b l e. The tab les so 
calcu lated fo r t he di f f e rent p uri t ies may b e used to optimi ze 
t he required concentration conditions at a given temperature, 
before add i ng the seed nec essary prio r to c ool i ng 
crystall iza tion . We we r e a b l e t o verify that s u c h tab l es, 
prepared by using juices co l l ected during the 1991 c ampa i g n , 
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could be fruitfully utilized in the same factory during the 
1992 season. However, we cannot support the hypothesis that 
such tables have general validity expecially for very 
different regions . 

Concerning the saturation coefficient (C ) variation as a 
function of the non-sugar concentration, in Fig. 5, 6 and 7 
the saturation functions determined at the three different 
temperatures of 80 , 60 and · 40 °c, are shown . By using 
experimental data the a , ,b and c coefficients of the we ll ­
known equation /4/ (7) were calculated : 

C a x N/W + b + (1 - b ) x exp (-c x N/W) /4/ 

so obtaining, for the three temperatures, the equations /5 / , 
/6/ and /7/. 

t = 40°C 

C 0.0595 x N/W + 0.8 335 + 0. 1665 x e xp (- 1.56 x N/W) / 5/ 

t 60°C 

C 0.0280 x N/W + 0.8410 + 0.1590 x exp (- 1.10 x N/W) /6/ 

t 80°C 

C 0.0 4 55 x N/W + 0 .8 342 + 0. 1658 x exp ( - 1.30 x N/W) /7/ 

It is quite clear that for the different tempe r atures a nd the 
whole variation range of the N/W r a tio , the s a turation 
coefficient is lower than 1 which is contrary to r e sults for 
traditional molasses (F i g. 8) . In fact for the latter , o nly 
at low N/W values is sucrose solubility lower than t hat of 
pure sucrose solutions . The curve of Fig. 8 for tra ditional 
molasses was calculated by using Grut's data (11) through eq. 
8 : 

C 0.178 x N/W + 0 . 820 + 0.180 x exp (- 2.1 x N/W) / 8/ 

Therefore , we can infer that non-sugars, which are normally 
eliminated in purification, together with the albeit limited 

268 




amount of invert fo rmed du ring the direct concentration of 
raw j uice , remarkably decrease t he sucrose solubility 
especially at high N/W r at io values. It would be interesting 
to estab l ish just how t he low va lues e f solubility 
coe f fici ents would go, a nd in particular a t high N/W ratio 
va lues, if t he non-sugars wh ich trad i t iona l l y remain after 
norma l juice puri f i cat io n , were to be e l im i nated. We co uld 
propos e t hat , a s fa r as mola sses exha ustion i s concerne d, the 
tradit i o nal purification step eliminates the l e ss 
me l a ssigenic no n-sugars whil st t he most melass i gen i c ones 
remain in so l ution. This conclusion can be confirmed by t he 
negat i v e i nfluence exerted by magnes ium i on a nd inver t s ugar 
on s ucrose s o l ubil ity ( 7 ). Magnesium, wh i ch e nters the s ugar 
f actory t hr ough the bee t, is almost quant i tatively 
precipitat ed at the high pH existing d uring ju i c e 
purif icat i on , whe r e as i nvert s ugar is converted to acidic 
compounds, (e.g. lact i c aci d), all of them well -known as 
me lassigenic s ubs t ances. 

Of cou r s e, l ow v a lues of the so lubi lit y coefficient s lead to 
low valu e s of molasses purit y. Fig. 9 shows t he theoretic al 
p ur ity c u r ves, calcu l a ted by using the s o lubility data from 
equations 151 and IBI r elat ing r espectively t o our 
"experimenta l " molas ses at 40 °C and to t raditional molasses. 
It c an be seen that, particularly at the highest N/W ratio 
val ues, t he purity diffe r ences are quite di st i nctive. 

Ret urning to the var i a tion of t he saturation f unction 
wi th temperature , it c an b e seen in Fig. 10 tha t 

there is a t r e nd-inversion going from N/W < O.B t o N/ W > O.B. 
Whereas at BO oC the sol ubility va l ues a r e a l ways intermediate 
between those at 40 and 60°C, a t N/W < 0.8 the lowes t 
s o l ubil i ty can be found a t 40 °C. On t he other hand, at N/W > 
0 . 8 the lowest C values occur at 60°C t hus showing rema r kably 
different values at the three temperatu r e s . Thi s f inding is 
i mportant when we are looking for t he opt i mum cooling rat e 
condi t ions du ri ng t he first a nd second crys tal li zation steps 
(see Fig. 1 ). In fact, dur i ng t he f irs t crys t al lization the 
N/W value s are less than 0.8, wherea s t hey are h i gher t han 
0.8 duri ng the second crysta l l i zation. In particular, dur i ng 
the fi rst crystallization s tage we have to t ake into account 
that, during cooling, the sat uration coeffi cient value s tend 
t o be higher at 60 ° C although showing sma l l variat ions. In 
contras t , during the second crystallizati on, the C values are 
lowest at 60 °C, and the variations a s a function o f t em­
perature become highe r wi th i ncreas i ng N/W rat ios. 
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CONCLUSIONS 

Our experimental re su lts as a whole al low us : 

- to account f or the low purities of molasses obt a ined fir s t 
o f all on t he laboratory scale and later with the pi l ot 
plant when adopti ng the r aw j u ice cooling crystal lizat i on 
process. 

- to account for the r elatively high s ucrose yields 
obtainable by using thi s new techno logy , wh i ch a re 
comparable to those obtained in the traditiona l p rocess. 

- to have at our 
for the first 
then allow us 
crystall i zation 

disposal "actual" solubil ity tables , b oth 
a nd second cooling c r ys tal lizat ion, wh i c h 
to opt imi ze both t he conce ntra tion and 
conditions . 

- to know the solubil ity coef ficie nt 
of the temperature decreas e and so 
optimum cool ing profi l e . 

var i ation 
being able 

a s 
to 

a f unction 
choose t he 
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SUMMARY 

In order to try to min imize some of the problems met with the 
sugar industry in the recent years , at least as far as 
pollution is concerned , the authors pro pose a new technology 
which make it possible to eliminate the t radit i onal 
purification stage i n beet sugar processing. In f a ct, most of 
the solid, liquid or gaseous wastes orig inating i n sugar 
factories come from the various purificatio n steps between 
the extractors and the vacu um pans . The new technology would 
make possible product ion of commercial wh i te suga r directly 
from raw juice , a f ter concentration unde r l ow temperature 
conditions, at high vacuum , and using coo l i ng crystall i za­
tion. 

Since it was reasonable that, in the a b s e nce of the 
purification stage, the non-sugars remaini ng ln the 
concentrated raw juice could change the sucrose s ol ub ility, 
tests on the latter parameter were carried out at dif ferent 
temperatures . Moreover , mola sses saturation f unct ions us ing 
the Polish Test criter i a, were determined through the whole 
cooling range . 

The salting-out effect exerte d by cer t a in non- sugars 
remaining in concentrated raw juic e and r un-off syrups 
accounts for the relatively high su c rose y ie lds obtainable 
with the new technology as well as the low pur i ties of the 
corresponding molasses samples . The working-up of actual 
solubility tests both for the first and second crystalliza­
tion stages have allowed us to optimize both the concentra­
tion and crystallizat i on conditions. 
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RAW JUICE 


, 

LOW TEMP. 

CONCENTRATION 


, 
, 

1st COOLING -.. 1st RAN SUGAR 
CRYSTALLI ZATION 

RUN-OFF SYRUP 

1~ 

LOW TEMP. 

CONCENTRATION 


'. - ~ 

2nd COOLING --- 2nd RAN SUGAR 
CRYSTALLIZATION 

MDLA SSES 

Fi g . 1 - F low diagram of the t wo-s tage raw juice 
crys tall i za tion scheme . 
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I COOLING CRYSTM...UZAnON 

RUN- Off SYRUP 

HOLASSES
2nd RAW SUGAR 1st RAW SUGAR 

m+nON I nON
m'r I 
AFFINATED AFFI NATEO 

2nd RAW SUGAR 1st RAW SUGAR 

REFINED SUGAR 


Fig. 2 - Flow diagram for producing refined sugar directly 
from raw juice by adopting cooling crystallization. 
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Fig . 3 - The pilot plant. 
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s/w 

3.4 

2.9 

2.4 

1.9L-~----L---~-----L----L---~-----L----L---~----~----~ 

50 55 60 65 70 75 80 

temp.·C 

+ Cone. raw Juice • Cone. run - off syrup 

Fig. 4 - Saturation curves of concentrated raw j ui c e a nd 
run-off syrup compar ed with pu r e sucros e solution . 

C (saturation coefficien t) 

30 35 40 45 

- Pure sucrose sol. 

1.06.---------------------------~~~~~--~~--------------, 

C • 0 .069S*N/W + 0.8336 + 0.166S*exp(-1.S8*N/W) 

1.00~r---------------~~------------------------------~~ 

0.96 

o 0.2 0.4 O.B 0.8 1 1.2 1.4 1.B 1.8 2 2.2 2.4 2.B 2.8 

N/W (non-sucrose water ratio) 

- CALCULATED EXPERIMENTAL 

t - 40 ' C 

Fig. 5 - Saturation 
at 40 °e. 

function of the e x perimental molasses 
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C (saturation coe,fflclent)
105 ,-----------------------------~ 

C • 0.0280-N /W + 0.8410 + 0.1590- exp(-1.10-N I W) 

100 t-~-----------__;,-------------

0.96 

o 0 .2 0.4 o. e 0. 8 1 12 1.4 1.e 1.8 2 2.2 2.4 2.6 2.8 

N/W (non-sucrose water rat io) 

- CALCULATED • EXPERIMEN TAL 

t .. 80 "0 

Fig. 6 - saturation f unc t ion of the expe r imental molasses 
at 60 ° C. 

C (sa turation coefficient)
1.05.---------------------------------, 

C • 0.046S*N/W + 0.8342 + 0.1668*exp(-1.30*N/W) 

1.00 ~~--------------------------

0 .96 

o 0.2 0 .4 0 .6 0. 8 1 1.2 1.4 1.6 1. 8 2 2.2 2.4 2.6 2.8 

N/W (non-sucrose water ratio) 

- CALCULATED EXPERIMENTAL 

t - 80 '0 

Fig. 7 - Sat u ration f unction of the experimental molasses 
at 80 °C. 277 



G (.saturation cOl3fflclent) 

13 

12 

TRADITIONAL 
1.1 

~ 
EXPERIMENTAL 

10r-~------------~-=---------------------------*--~~~--

I 

I 

o 0.2 0.4 0 .6 0.8 12 1. 4 1.6 1.8 2 2.2 2.4 2.6 2.8 

N/W (non-sucrose water ratio) 

t - 40'C 

Fig. 8 - Comparison between the saturation function of tradi­
tional molasses calculated by using Grut's data, and 
that obtained from experimental molasses at 40°C. 

PURITY 
100~~------------------------------------------------------' 

g5 


90 


85 


80 
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70 


65 
-


60 


55 
 EXPERIMENTAL 
50 -

45 ~L-~--~--~--~--~--~--~--~--~--~--~--~--~--~ 

o 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2 2.2 2.4 2 .6 2 .8 

~'J/W (non-sucrose water ratio) 

Fig. 9 	 Comparison between the theoretical purity curves 
calculated for traditional and experimental molasses 
at 40°C. 278 
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C (saturation coefficient) 
1,06~--------------------------------------------------~ 

1, 00 I--..--------------------------~___.,J!_ 

40 'C 

0. 96 

eo 'c 

a 0 .2 0 .4 0. 8 0.8 1 1.2 1.4 1.8 1, 8 2 2.2 2 .4 2 .8 2 .8 

N/W (non-sUcrose water rat io) 

Fig. 10 - Compari s on between saturatio n fu nction s o b tained 
o n exper i me nt al molasses at 40 , 60 a nd 80 c ..0 
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