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Abstract

Preliminary xylitol separation tests were carried out using solutions with relativity high concentrations of xylose and xylitol to simulate
the actual composition of hemicellulose hydrolyzates. Xylitol was recovered by a crystallization methodology consisting of dilute solution
evaporation up to supersaturation, supersaturated solutions cooling, separation of crystals by centrifugation, and final filtration. Two sets of
tests were performed on xylitol-xylose synthetic solutions and an additional one on fermented hardwood hemicellulose hydrolyzate. The
best results in terms either of crystallization yield (0.56) or purity degree (1.00) were obtained with quite concentrated solutions (730 g/l)
at relatively high temperature-6°C). Besides, xylitol solubility limits in the solution, which are very important for future scale-up of
the process, were estimated at different crystallization temperatures. Product yields and crystal purity were calculated and crystallization
kinetics were investigated.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction well as the complex composition of the fermentation broth.
The literature on polyol recovery from fermented broths
Xylitol is a polyol with some interesting properties which is quite poor owing to the innovating characteristics of the
make it an important product for the food industry. It has process. The work of Gurgel et 4B] suggests very long
similar sweetness as sucrose, is non-cariogenic, toleratedprocess time (about 1 week) but did not report completely
by diabetics, recommended for obese people and, becauséhe operative conditions.
of its negative heat of dissolution, used as a part of the The present work aims at setting up a xylitol recovery
coating of pharmaceutical produdis,2]. Nowadays, xyl- methodology from fermented and purified broths. For this
itol is synthesized by hydrogenation of xylose present in purpose, the best conditions to separate xylitol were de-
lignocellulosic hydrolyzates. But the solution produced by termined combining low pressure evaporation and cooling.
this process requires expensive purification and separationPreliminary experiments were carried out under conditions
steps to obtain pure xylitol. able to prevent the crystallization of xylose, which is present
It can alternatively be produced by biotechnological at relatively high concentrations in fermented solutions.
methods based on fermentation of agro-industrial residues,Tests were performed on synthetic solutions to optimize
which could potentially compete with the traditional chem- the recovery efficiency and on hardwood hemicellulose hy-
ical way. Pachysolen tannophilus, Debaryomyces hansenii drolyzate to point out the possible influence of compounds
and Candida guillermondii showed good performances as dissolved in the fermented broths.
xylitol producers[3]. Xylitol production by these yeasts is
regulated by oxygen, pH, temperature, starting xylose level,
presence of other sugars and inoculum lg¢eb]. Besides, 2. Materials and methods
the fermentation of hydrolyzates is hindered by inhibiting
compounds such as furfural, acetic acid, lignin degradation 2-1. Crystallization procedure
products (phenolic compounds) and metal cati@ng,8].
Xylitol recovery is the hardest step of the whole fermen- ~ The experiments were performed in a bench-scale sys-
tation process because of the low product concentration asteém Fig. 1) composed of (a) a rotavapor (Buchi, R-114,
Flawil, Switzerland) used as low pressure—concentration
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Fig. 1. Flow-sheet of the bench-scale system used for xylitol crystallization tests.

atmospheric pressure, (c) a centrifuge equipped with process To avoid any possible organic compounds degradation
parameters control system (ALC International, ALC4237R, and to prevent any liquid loss, at the beginning of each
Milan), and (d) a vacuum filtration system. Crystallization experiment the solution was concentrated in rotavapor at
assays were done using either xylitol-xylose synthetic solu- low pressure (5 x 10*Pa), low temperature (30-5C),
tions or fermented and centrifuged hardwood hemicellulose and slow rotational speed (45-50 rpm). After concentration,
hydrolyzate solutions with variable concentrations. xylitol-xylose solutions were subjected to crystallization
D. hansenii (NRRL Y 7426) was used for preliminary in a simple crystallization unit assembled in our labora-
fermentations of hemicellulose hydrolyzate, which were tory. It consisted of 25 ml glass test-tubes submerged into
performed in a 31 working volume fermentor (Applikon, an ethylene glycol bath (Julabo, F25, Seelbach, Germany)
Z61103CT04, Schiedam, The Netherlands). The composi-and gently stirred by means of a mechanical system. As
tion of the hydrolyzate as well as the conditions and ana- soon as the crystallization temperature was reached, finely
Iytical techniques used during these tests were previouslyground commercial xylitol was added, up to 1.0g/l, to fa-
reported[3]. vor the nucleation of xylitol crystals. After crystallization,
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the solutions were subjected to centrifugation at 5000 rpm Table 1

for 15min to separate xylitol crystals. Temperature was Operative conditions used in evaporation tests

maintained close to the crystallization temperaturd @, Test Te (°C) te (h) Xyto (@) Xyte (g/) Xylo (9/)) Xyle (9/)
. . .

—.5, 0°C) py means of the centrifuge regulation _systgm. 1 3040 15 1 270 5 03
Finally, xylitol crystals were separated by vacuum filtration >, 3949 15 180 360 60 116
through filters with 0.4%um pore diameter. The crystals 3 30-40 15 180 360 60 116
were re-dissolved in water and analyzed by HPLC (Bio-Rad, 4 40-50 2.0 225 582 75 203
HRLC 800, Richmond). 5 40-50 2.0 225 582 75 203
' 6 4050 1.0 225 582 75 192
: 7 40 1.0 390 730 130 223
2.2 Analytical methods 8 40 1.0 390 730 130 223
9 30 4.0 75 361 24 113
Xylose and xylitol concentrations either in synthetic so- 10 30 15 75 470 24 147

lutions or in fermented hemicellulose hydrolyzates were — agynthetic xylose—xylitol solutions: test nos. 1-8; fermented hemicel-
determined by HPLC using an ion-exchange AMINEX Iulose hydrolyzate solutions: test nos. 9—Tg; evaporation temperature;
(Bio-Rad, HPX-87C, Richmond) column and a refractome- te: evaporation time; Xyt starting xylitol concentration; Xyt xylitol

ter (Bio-Rad, 1770, Richmond). A 30% acetonitrile—water concentration afte_r evaporation; )6yl§tarting xylose concentration; Xyl
solution was used as mobile phase. Calibration curves werglose concentration after evaporation.
obtained by injecting standards solutions with concentra-
tions ranging from 3.0 to 159/l xylose and 9.0 to 45g/l 3.2. Crystallization tests
xylitol. The analyses were carried out at @0 and a flow

rate of 0.6 ml/min. The tests were carried out at atmospheric pressure and

maintaining constant the selected temperature during every
experiment.Table 2shows the values of preliminary tests,
carried out on some solutions referred to asable 1, under
conditions that did not allow any crystallization. The lowest

The experimental study was subdivided in three subse- xylitol solubility limits were so determined at the selected
quent phases. Preliminary evaporation and crystallization temperatures. In fact, because of xylitol solubility reduction
tests were carried out at two different starting xylitol (270 due to the simultaneous presence of xylose or by-products in
and 3604g/l) and xylose (93 and 116 g/l) concentrations the solutions, previous data referring to temperatures higher
and two different temperatures-{0 and—15°C) to point than 0°C and to pure xylitol solution$10] are of scarce
out the temperature—concentration limit under which the significance for the purposes of the present work.
crystallization phenomenon did not occur or a sudden and Test no. 1 { = —10°C; 270g/l xylitol) and no. 2
fast crystal and ice mixture became visible. Crystallization (T = —10°C; 360 g/l xylitol) gave limpid solutions, while
experiments were then carried out using xylitol-xylose so- the solution used for test no. 3 (= —15°C; 360 g/l xyl-
lutions at a xylitol concentration beyond the solubility limit, itol) froze after about 16 h, so that it was impossible to
which was determined through preliminary assays. For this make any analytical control. Finally, even during test no. 9
purpose, two different starting xylitol concentrations (582 (T' = —10°C; 436 g/l xylitol), carried out on hemicellulose
and 730g/l) were tested at three different temperatureshydrolyzate, the crystallization phenomenon did not take
(—10, —5 and O°C) to determine the best crystallization place. Since the above results demonstrated that solutions
conditions and to recover the product as pure as possible.needed to be remarkably concentrated to allow xylitol crys-
A final set of crystallization tests was performed using tallization, xylose and xylitol concentrations were increased
hardwood hemicellulose hydrolyzate solutions. proportionally to maintain a constant ratio between their
concentrations. The results of crystallization tests performed
at different temperatured’(= —10, —5, 0°C) on solutions

3. Results and discussion

3.1. Evaporation tests

The operative conditions of evaporation tests on both Taple 2
synthetic and fermented solutions are listed Tible 1 Preliminary crystallization tests

These results demonstrate that the low pressure evaporatiofgg 1 CO) () Xyt (@) Xyt @) Xyle (@) Xyle (@
process allowed to concentrate the solutions, with starting

concentration similar to that obtained by fermentation, up :18 23 gz}g gég 133(; lﬁ
to very high levels, thus simplifying the subsequent crys- 5 _15 16 360 nd. 116 nd.
tallization process and making it as profitable as possible. g _10 5 436 429 137 136

To obtain limpid fermented hemicellulose hydrolyzate solu- —— — = T
. . . . Te: crystallization temperature;: crystallization time; Xyg: xylitol
tions, necessary for efficient crystalllzatlon, the SUSPENSION o centration after evaporation; Xytxylitol concentration after crystal-

from test no. 9 was finally filtered up to 436 g/l xylitol and  jization; Xyle: xylose concentration after evaporation; ¥ykylose con-
137 g/l xylose concentrations. centration after crystallization. Test numbering is the same dalite 1
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Fig. 2. Crystallization tests at a supersaturation xylitol concentration of 582 g/l. Xyli@):tést no. 4, A) test no. 5, W) test no. 6; xylose: Q) test
no. 4, (1) test no. 5, [(0) test no. 6.

containing 582 and 730 g/l xylitol are shown kigs. 2 and —5°C. It should be noticed that this test was performed at
3, respectively, whileFig. 4 illustrates the performance on a particularly high supersaturation ratio (1.25), with respect
fermented hemicellulose hydrolyzaté & —10°C; 4709/l to the industrial practice, because of the lack of information
xylitol). in the literature about xylitol solubility in binary mixtures

As a general rule, a decrease in temperature and anwith xylose. However, the aim of this preliminary study
increase in concentration both favored the crystallization, was obtaining experimental data of xylitol solubility, at
while the generalized growth in xylose concentration, ob- different temperatures, which are necessary for further and
served during the starting phases of these tests, was likelymore in-depth works. On the contrary, the experiment at
due to the volume reduction consequent to xylitol precipi- —10°C and 730 g/l did not give satisfactory results because
tation. Besides, the concentration changes shown after pre-at such high concentration and low temperature solid pre-
liminary crystallization should be ascribed to experimental cipitation was too fast. Xylose and xylitol mass balances
uncertainties rather than to changes in the mass of crystalsdemonstrated that the crystallization procedure selected in
deposited. As shown in more detail later, the highest crys- this study was satisfactorily accurate, ensuring a crystal loss
tallization yield (0.56) was obtained at 730 g/l xylitol and never exceeding 10%.
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Fig. 3. Crystallization tests at a supersaturation xylitol concentration of 730 g/l. XyXdltgst no. 7, ®) test no. 8; xylose:£) test no. 7, {) test no. 8.
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Fig. 4. Crystallization test no. 10 on fermented hemicellulose hydrolyzatexylitol; (X) xylose.

Final xylitol concentrations detected at the end of crys- Table 3
tallization tests on synthetic solutions were utilized to Results of crystallization tests performed under different condftions

obtain the xylitol solubility curves at different concentra- Test Te (°C) Xyte (afl) Ye PD Vit
juons shgwn |rF|g: 5. These curves give useful prellrr_unary 4 “10 582 041 0.92 0.38
mformatl_on to build up a mathematlcal_ quel th_a'g is able ¢ _5 582 0.31 1.00 0.31
to describe the dependency of crystallization efficiency on 6 0 582 0.20 0.98 0.20
mixture concentration. 7 -5 730 0.56 1.00 0.56
Table 3lists the values of the total crystallization yield 8 0 730 0.48 0.93 0.45
10 -10 470 0.29 0.92 0.27

(Yc), defined as the ratio of the total mass separated by pre-
cipitation to the starting mass of xylitol in the solution, of the #Te: crystallization temperature; Xytxylitol concentration after con-
purity degree (PD), calculated as the ratio of xylitol to the to- c_entration;Yc: total crystallization yield; PD: purity degredy:: xylitol

tal mass of the recovered precipitate, and of the xylitol yield yield.

(Yxyt), expressed as the total crystallization yield multiplied

by the PD. These results on the whole show a satisfactoryrecovered. Finally, despite the presence of additional solutes
total crystallization yield and excellent PD, close to 1.00. imposed to perform test no. 10 on hemicellulose hydrolyzate
As previously mentioned, the best results were obtained atat quite lower xylitol concentration (470g/l), yields and
730 g/l xylitol and—5°C: under these conditions mostof xy- PD comparable to those on synthetic solutions were
lose was kept in the solution, whereas about 50% xylitol was obtained.
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Fig. 5. Xylitol solubility dependence on crystallization temperature in the simultaneous presence of x$pséytt = 582g/l, Xyl = 203 g/l; @)
Xyte = 730 g/l; Xyle = 223 g/l.
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3.3. Crystallization kinetics

According to the methodology reported by Bravi and
Mazzarotta[11,12], crystallization kinetics, for starting

limpid solutions, can be described by a supersaturation

function:

r=k(Xr — X{)" 1)
whereX; is the actual solution concentratioX; the sat-
uration concentration at a given temperatukea kinetic
constant andn the growth rate ordelEq. (1) may not be

D. De Faveri et al./Chemical Engineering Journal 90 (2002) 291-298

Table 4
First and second-order kinetic constants estimated for xylitol crystalliza-
tion under different conditions

applied to ternary systems, since the driving force for the CombiningEgs. (4) and (5)we obtain

crystal growth cannot be defined properly. However it can
be adopted as an assumption of simplification. This rate can“*"

also be expressed as

dx,
=—b—
" dr
whereb is a proportionality parameter depending on tem-
perature.

CombiningEgs. (1) and (2)

dxr
dr

()

—k (Xy — X)™ 3)

wherek is the crystallization kinetic constant.
Since our solutions held two compounds at relatively high
concentrations, the actual concentratinis given by the

Test Xyt Tc (°C) K (hl),—1 r? K dgth ™, r?
(9

4 582 -10 0.049 0.952 0.396 0.955
5 582 -5 0.065 0.999 0.428 0.999
6 582 0 0.034 0.654 0.465 0.760
7 729 -5 0.250 0.956 1.213 0.851
8 729 0 0.266 0.802 1.650 0.928
10 470 -10 0.064 0.991 1.165 0.991
Xy — X[= Xyt — Xyt* (6)

where only xylitol concentration appears.

According to this model, the experimental results pre-
sented inSection 3.2vere correlated with either the first or
the second growth rate order: (= 1 and 2). Data seemed
to satisfy, with better approximation . < r2 < 1.00),
second-order kinetics, according to the following equation:

1 1
= (7)
Xyt — Xyt  Xytg — Xyt.

+ k't

obtained by integratingq. (3)and combining withEq. (6),
even if first-order kinetics (85 < 2 < 1.00) did not con-
stitute a bad interpretation as well. In fact, as shown in
Table 4 only experiment no. 7 seemed to be better corre-

sum of the concentrations of both components and the termjated with first-order kinetic. This result is in good agree-

(Xr — X[) becomes

Xy — X; = Xyt + Xyl — (Xyt + XyhH* 4)

Because xylose concentration was kept almost constant dur-

ing crystallizationEq. (4) becomes

ment with those reported in the literature for solutions of
different organic compounds, which satisfied crystallization
kinetics with order ranging from 1.18 to 2.641].

Plotting in Figs. 6 and 7%he crystallization results, inte-
gratingEq. (3) either withm = 1 or 2, the values listed in
Table 4were calculated for the crystallization kinetic con-

(Xyt + Xyh)* = Xyt* + Xyl (5) stant,k. The highest values of both first- and second-order
0
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Fig. 6. Results of xylitol crystallization tests plotted according to first-order kinetie3:tést no. 4; ) test no. 5; [J) test no. 6; O) test no. 7; )

test no. 8; @) test no. 10.
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Fig. 7. Results of xylitol crystallization tests plotted according to second-order kine@)stest no. 4; A) test no. 5; M) test no. 6; X) test no. 7;
(#®) test no. 8; ) test no. 10.

kinetic constants were obtained with test nos. 7 and 8 equal to the solubility threshold and xylose concentration
because the large amount of dissolved compounds remarkkeeps almost constant during crystallization—provided it
ably increased xylitol crystallization rate. In particular, does not exceed the saturation curve—xylitol concentration
test no. 10, performed on hemicellulose hydrolyzate, gave decreases as that of xylose increases.

better results than tests on synthetic solutions with even According to the present results, which are far to be
higher starting xylitol concentrations (test nos. 4-6). In fact, exhaustive, it is possible to conclude that xylitol separation
organic compounds present in fermented hemicellulose hy-by crystallization from fermented hemicellulose hydrolyzate
drolyzate (xylose, arabinose, arabitol, mannose, mannitol, is feasible.

etc.) lowered the whole broth solubility, thus aiding xylitol

crystallization. Finally, the fact that our crystallization ex-

periments were of short duration than those reported in the References
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