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Abstract

Lactic acid is one of the most important organic acids which is being extensively used around the globe in a range of industrial and
biotechnological applications. Lactic acid can be produced either by fermentation or by chemical synthesis but the biotechnological
fermentation process has several advantages compared to the other one. However fermentation broth contains a number of impurities
which must be removed from the broth in order to achieve more pure lactic acid. Efficiency of recovery is crucial to the economy of the
whole process as well since the costs of separation and recovery are responsible for more than half of the entire cost of production.
In the traditional procedure, the heated and filtered fermentation broth is concentrated to allow crystallization or precipitation
of calcium lactate, followed by addition of sulphuric acid to remove the calcium in form of calcium sulphate. The disadvantage of
this procedure is the relatively high solubility of calcium lactate which causes product loss in the crystallization step. Therefore we
investigated the effects of four operating parameters of the crystallization/precipitation process from two different fermentation
broths and from an aqueous solution. Thus we applied three central composite statistical designs, in which the examined parameters
were the temperature of the solution, the duration of the process, the effect of ethanol addition to the solution as well as the effect of
multi-cycle precipitation after separation of the precipitated calcium lactate. According to the results, more than 50 percent calcium
lactate precipitation increase can be obtained from fermentation broth by adding sufficient amount of ethanol and adjusting the

proper temperature of the process.
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1 Introduction

Lactic acid is a valuable industrial chemical used in food,
pharmaceutical, leather, and textile industries, as well
as a chemical feedstock [1-5]. One of the most promis-
ing applications of lactic acid is its use for biodegradable
and biocompatible lactate polymers, called polylactic acid
[6-9]. Recent trends showed that lactic acid can be pro-
duced either by fermentation or by chemical synthesis but
the biotechnological fermentation process has received
significant importance due to environmental concerns,
use of renewable resources instead of petrochemicals,
low production temperature, low energy requirements
and high optical purity [10, 11]. Furthermore the biotech-
nological process depending on the applied microorgan-
ism may yield either D(+) or L(+) isomers alone, or in a
racemic mixture, whereas the chemical production can
only results in racemic mixture of the two isomers [12].

The eco-friendly processing and fermentable capability
of many agricultural and agro-industrial based wastes or
by-products respectively makes these wastes attractive
candidates for raw materials of fermentation biotechnol-
ogy in formation of value added products with multiple
applications [12]. Fermentation broth contains a number
of impurities such as residual sugars, pigments, nutrients
and other organic acids, as well as part of cell mass. These
impurities must be removed from the broth in order to
achieve pure lactic acid [6]. Also, efficiency of recovery is
crucial to the economy of the whole process since the costs
of separation and recovery are responsible for more than
half of the entire cost of production [13].

Lactic acid has an inhibitory effect on microbial growth,
especially at low pH values [14, 15]. There are several strat-
egies to handle pH changes: 1) the pH of the fermentation
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is either set at the beginning and then left to decrease due
to acid production, 2) or it is controlled due titration with
alkali 3) or by product removal via extraction, or adsorp-
tion. The traditional optimal pH range for lactic acid pro-
duction is between 5.0 and 7.0 [12]. To maintain the pH of
the fermentation in the optimal range Ca(OH), is generally
added [16]. Therefore calcium lactate is the initial product
which is generally converted into lactic acid during the
downstream process by addition of H,SO, [14, 17].

Downstream processing of lactic acid currently in use
include solvent extraction [18], electrodialysis [19], ion
exchange [15], nanofiltration [13], and reverse osmosis [7]
[13]. These methods can be effective in separation, purifi-
cation or even concentration of fermented lactic acid but
their combination is required to reach high purity product.

Lactic acid is commercially available at different grades
(qualities). These are technical grade lactic acid (20—80 %),
food grade lactic acid (80 %), pharmacopoeia grade lactic
acid (90 %), and plastic grade lactic acid. Pharmaceutical
and food grade lactic acids are considerable to be of most
important. For the recovery of lactic acid, additional cal-
cium carbonate is added to the medium, the pH is adjusted
to approximately 10, and the fermentation broth is heated
and then filtered. This procedure converts all of the lac-
tic acid to calcium lactate, kills bacteria, coagulates pro-
tein of the medium, removes excess calcium carbonate and
aggregates and finally helps to decompose any residual
sugar in the medium. Various procedures are employed
for the recovery and purification of the lactic acid [12]. In
the traditional route, the heated and filtered fermentation
broth is concentrated to allow crystallization of calcium
lactate, followed by addition of sulphuric acid to remove
the calcium in form of calcium sulphate. The lactic acid is
then re-crystallized as calcium lactate, and activated car-
bon is used to remove colored impurities [7]. As an alter-
native to the latter step, the zinc salts of lactic acid are
sometimes prepared because of the relatively lower solu-
bility of zinc lactate [20]. The resulted grade of lactic acid
both from recrystallized calcium lactate and zinc-lactate
still contains many impurities from fermentation medium,
but is already appropriate for industrial use where purity
of the product is not essential, like in the deliming of hides
in the leather industry [12].

The disadvantage of this procedure is the high solu-
bility of calcium lactate which causes product loss in the
crystallization step. Therefore we investigated the effects
of four operating parameters of the crystallization/pre-
cipitation process from two different compositions of

fermentation broths and from an aqueous solution. The
examined parameters were the temperature of the solu-
tion, the duration of the process, the effect of ethanol
addition to the solution as well as the effect of multi-cycle
precipitation after separation of the precipitated calcium
lactate. The experiments were designed and evaluated sta-
tistically, using the toolbars of central composite design
and response surface methodology (RSM).

2 Materials and methods

2.1 Preparation of fermentation broths for
precipitation tests

Lactobacillus sp. MKT878 (NCAIM B.02375) was used in
fermentations to produce lactic acid.

In this study two fermentation broths were used to inves-
tigate process parameters of calcium lactate precipitation.
The only difference between the fermentation broths were
the form of carbon source. The broth 1 contained 120 g*L!
saccharose, broth 2 contained diluted molasses providing
the same saccharose content. Other nutrients were 6 g*L!
yeast extract, 14 g*L"' corn germ flour and 70 g*L' CaCO,.
While the carbon sources were solved and sterilized in
200-200 mL distilled water in a 500 mL Erlenmeyer flask,
the nitrogen sources were solved in 300 mL distilled water
ina 1L Erlenmeyer flask and finally CaCO, was sterilized
in solid form. Fermentations were carried out in 500 mL
broth at 37°C and at 250 RPM in a shaking incubator
(New Brunswick Scientific Excella E24).

Cells and particulars were separated in a centrifuge
(MLW K23D) at 6000 RPM and at 80 °C for 20 min.

2.2 Analysis, Software

Sugars and organic acids were quantified using high per-
formance liquid chromatography (Waters Breeze System,
Waters Co. USA) with an analysis column of Biorad
Aminex HPX-87H, (Bio-Rad, USA) operated at 65°C
eluted by 0.5 mM H,SO, as mobile phase with a flow rate
of 0.5 mL*min’. The detection of compounds was per-
formed with RI Detector at 40 °C. Statistica 13.1 software
(StatSoft, Inc, Tulsa, USA) was used for statistical and
graphical evaluation of the experimental results.

2.3 Experimental design

Face centered central composite design with four factors
was used as experimental design to gain data, which could
be used to perform comprehensive statistical evaluation.
The process temperature, the duration of one precipitation
cycle, the number of cycle of the precipitation and the volume



of added ethanol volume were treated as fixed factors. The
cycle means the repeats of the precipitation process from the
centrifugation. Every factor had three levels (Table 1).

The runs of this experimental design were prepared
on different days, therefore two blocks were applied. The
output of the experiments was the precipitation ratio: dry
mass of precipitated calcium lactate to initially total solved
calcium lactate in percentage. ANOVA was used to gain
preliminary information about the effect of the factors.

The applied polynomial quadratic response model was
given by this equation:

k k k k
V= ﬁo + ZﬂiXi + ZﬂiiXiz + ZZﬁiniﬁan +e

i=1 i=1 i=1 j=1
where Y is the predicted response variable (precipitated
calcium lactate in ratio to total soluted calcium lactate), X,
is the independent variable (temperature, cycle, time, eth-
anol), B, B, B,» ﬁi/. are the regression coefficients and ¢ is
the random error.

2.4 Precipitation

7.5 mL of cell-free fermentation broth samples were placed
into 15 mL centrifuge (Falcon) tubes and were supple-
mented with ethanol, corresponding to Table 1. Based on
preliminary experience seed crystals (1 mg) were added to
the tubes to facilitate nucleation. Agitation also facilitates
precipitation by producing smaller nodules. Therefore,
samples were rotated by a rotospin test tube rotator with
adjustable temperature, (Rotomix, Kutesz, Hungary).
After the desired time has passed the tubes were cen-
trifuged (HERMLE Z 200 A) at 6000 RPM for 20 min.
The supernatant was removed and, precipitate was dried
and measured by Sartorius MA35 Moisture Analyzer
(Sartorious, Germany). Supernatant was taken back to the
thermostat if the cycle number was higher than 1.

3 Results and discussion

The results of face centered central composite experimen-
tal design formed a data matrix. For studying the effect
of the different factors (temperature, time, cycle, ethanol)
on the precipitation process ANOVA design was applied.

Table 1 Examined factors and levels

Factors name Low value Center value High value
T (°C) 5 10 15
Cycle 1 2 3
Time (h) 24 36 48
Ethanol (%) 0 25 50

Vidra et al. | 535
Period. Polytech. Chem. Eng., 63(4), pp. 533-540, 2019

The output of the experiments was the precipitation ratio:
dry mass of precipitated calcium lactate to initially total
solved calcium lactate in percentage.

3.1 Calcium lactate precipitation from molasses based
fermentation broth

Precipitated calcium lactate from molasses based fermen-
tation broth had only a little amount and was a brown pre-
cipitate in the centrifuge tube after centrifugation, gen-
erally. Fig. 1 showed which factors may have significant
effect (based on p value) on calcium lactate precipitation
from molasses based fermentation broth. While tempera-
ture and time had significant linear effect, ethanol showed
linear and quadratic significant effects as well, further-
more the interaction of cycle and temperature were also
found significant. The R? is 0.9498, which means that
the applied model fits well on the experimental data
and 94.98 % of the variability can be explained with it.
Residues were inspected and showed approximately nor-
mal distribution and there was no anomaly and regularity
among them, therefore the statistical model is considered
adequate (Fig. 2).

The factors effects are illustrated with RSM (response
surface methodology), but hence of too many variations,
the significant ones were selected (based on p value) and
illustrated. While the first combination of factor’s effect
(Fig. 3) showed an optimal ethanol amount of 40%, in
term of cycle time no optimum was observed, but longer
cycles resulted higher amount of precipitate. Furthermore,
remarkable difference was found when comparing lowest
and highest levels: while the difference of precipitation
ratio between the lowest and highest level of cycle time at
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Fig. 1 Pareto chart for standardized effects for calcium lactate
precipitation from broth 1 (molasses)
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Fig. 2 Scatterplots of residues for calcium lactate precipitation from
broth 1 (molasses)

Fed Suarfboe. Warlable: Ca-lactute from molaisas.
4 [epters, T Blotho, 26 Ruin. MG Retigiopls 16 $1458
0. PracipRadon rafo of Ca-leciabs

Fig. 3 Fitted response surface and contour plot of calcium lactate
precipitation from broth 1 (molasses). The effects of time and
ethanol were illustrated.

40 % ethanol was only 6%, the same difference between
the lowest and highest level of ethanol at 48 h was 15 %.
This also demonstrates well, that ethanol addition had
higher impact on precipitation than cycle time.

Depicting the effect of ethanol and number of cycle
(Fig. 4), an optimum can be seen for both factors. The cen-
ter of the optimum was at 40% of ethanol and between
cycles 2 and 3. The highest result’s range overlap with
second level of cycle as factor, therefore two cycles can
be enough to achieve the desired product quantity. It is
important to be noted that any repeats (i.e. more cycle)
always provided some new precipitates, but their amount
were not enough to be significant. The difference of pre-
cipitation ratio between the lowest and highest level of
cycle period at 40 % ethanol was only 3 %.
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Fig. 4 Fitted response surface and contour plot of calcium lactate
precipitation from broth 1 (molasses). The effects of cycle and
ethanol were illustrated.
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Fig. 5 Fitted response surface and contour plot of calcium lactate
precipitation from broth 1 (molasses). The effects of time and
temperature were illustrated.

Surprisingly there was not a huge difference in precip-
itated calcium lactate versus examined temperature range
at short cycle time (24 h), showed on Fig. 5. However
there was great difference in the amount of the precipitate
between 5°C and 15°C at long cycle time (48 h). While
Cao et al. [20] reported that the solubility of calcium lac-
tate is only 1.5% higher at 15°C compared to 5°C, we
observed that higher temperature resulted more precipi-
tate versus lower temperature. Probably the nucleation
rate was faster at higher temperature resulting more pre-
cipitate thus it compensated the solubility increment. It
can be clearly seen in the figure that simultaneous high
level of factors gave the best result which means quantita-
tively 13 % more efficiency in precipitation ratio.



3.2 Calcium lactate precipitation from saccharose
based fermentation broth

Precipitated calcium lactate from broth 2 (saccharose) had
yellowish white color which almost filled the total volume
of the centrifuge tube after centrifugation. The effect esti-
mates on calcium lactate precipitation from fermentation
broth 2 (saccharose) are showed on Fig. 6. The significant
effects were gone beyond the line, where p value is less than
0.05. The temperature, the addition of ethanol and the cycle
of the precipitation showed significant effects on the amount
of the precipitate. While linear correlation were significant
for all significant three factors, all quadratic correlations of
these were insignificant. These three factors had only linear
significant effect but no one of the factors had quadratic sig-
nificant effect. It is worth to note that while the effect esti-
mation were similar for both molasses and saccharose based
fermentation broths in term of significance of temperature
and ethanol, there was also a difference in term of cycle and
time: cycle was significant in molasses case and insignifi-
cant in saccharose case, in contrary time was insignificant
in molasses case and significant in saccharose case. The R?
is 0.8711, which means that the applied model fits roughly
on the experimental data and the 87.11 % of the variabil-
ity can be explained with it. Residues were inspected and
showed approximately normal distribution and there was no
anomaly and regularity among them, therefore the statisti-
cal model is considered adequate (Fig. 7).

Similar to the broth 1 (molasses), ethanol addition to
the solution and repeat of the precipitation process greatly
increased the amount of the precipitate from broth 2 as
well, which has been shown on Fig. 8. In this case optimum
was not observed, but remarkable differences in precipita-
tion ratio were obtained. In detail, the difference between
the lowest and the highest precipitation ratio was 40 %.
Interestingly, there was not a huge difference in precipitated
calcium lactate versus examined cycle range at high ethanol
level. However at lower ethanol level there was about 20 %
difference between the amounts of the precipitate.

In contrast to the molasses case, the precipitation
reversed proportionately depended on temperature,
which has been shown on Fig. 9. It illustrated the signifi-
cant effect of temperature and the insignificance of time
confirming Fig. 6. This can also be illustrated with the
difference of precipitation ratio between the lowest and
the highest level of temperature at 24 h which was 20 %.
Interestingly time was not a significant effect within the
examined range, therefore it seems not to be economic to
run the process more than one day.
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Fig. 6 Pareto chart of effects of calcium lactate precipitation from
broth 2 (saccharose).
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Fig. 7 Scatterplots of residues for calcium lactate precipitation from
broth 2 (saccharose)
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Fig. 8 Fitted response surface and contour plot of calcium lactate
precipitation from broth 2 (saccharose). The effects of cycle and
ethanol were illustrated.
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Fig. 9 Fitted response surface and contour plot of calcium
lactate precipitation from broth 2 (saccharose). The effects
of time and temperature were illustrated.

3.3 Calcium lactate precipitation from model solution

Precipitated calcium lactate from its pure aqueous solution
was clear white precipitate and filled the total amount of
the centrifuge tubes even after centrifugation i.e. it could
not be compacted. Therefore the precipitate could not be
separated from liquid phase, consequently the cyclic pro-
cess could not be repeated and effect of cycle could not be
studied. Furthermore, because the two phases could not
be separated, both precipitated and dissolved calcium lac-
tate were also measured in the dry weight measurement.
Fig. 10. showed the response surface about temperature
versus time plane, indicating almost no difference between
the precipitation ratio. There was less than 5 % difference
between the between the lowest and highest value of pre-
cipitation ratio. Probably the effect of the factors could
have been measured in a shorter time, where less calcium
lactate is precipitated resulting better phase separation,
but for best comparison the three experiments (molasses
based, saccharose based and model solution) were car-
ried out simultaneously and with the same level of fac-
tors (i.e. long time). Thus certainly no significance could
be observed in this case. However, these concluded, that
pure calcium lactate precipitates very quickly with high
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Fig. 10 Fitted response surface and contour plot of calcium
lactate precipitation from model solution. The effects of time
and temperature were illustrated.

precipitation ratio, and any accompanying compounds in
broths decrease both precipitation rate and efficiency.

4 Discussion

The effects of four factor of calcium lactate precipita-
tion were examined from two fermentation broths and
from aqueous solution. The effect of ethanol addition to
the solution and the effect of temperature were both sig-
nificant for calcium lactate precipitation from all exam-
ined fermentation broths. The effect of ethanol addition
to the solutions achieved the most impressive impact. The
repeat of the precipitation process from fermentation broth
containing molasses had no significant effect but was sig-
nificant from fermentation broth containing saccharose.
Conversely, the effect of the duration of the process was
vice versa (Table 2).

A number of conclusions can be drawn from these pre-
cipitation experiments. Firstly, the calcium lactate precipi-
tation from aqueous solution was faster and probably more
effective than from fermentation broths, so the components
of the fermentation broth in some way obstructed the for-
mation of the precipitate. Secondly, the precipitate absorbed
lot of water and carried away dissolved components as

Table 2 The effect of the four examined factor and their values on the best result setting

Molasses based broth Setting on best result Saccharose based broth  Settings on best result
Temperature significant 10 °C significant 5°C
Cycle significant 2 not significant 3
Time not significant 48 h significant 40 h
Ethanol significant 39.5 % significant 50 %

Best precipitation ratio 47 %

86.5 %




well, contaminating the precipitated calcium lactate prod-
uct. These problems can be solved by pressing and alco-
holic washing of the precipitate. Finally, the amounts of the
precipitates from fermentation broth containing saccharose
were almost twice as much as the ones from the fermenta-
tion broth containing molasses. Based on this, it can be con-
cluded that molasses contain a component that inhibit the
process of calcium lactate precipitation. Therefore in a next
study we are going to make process simulations involving
economic evaluations to make a decision between the fol-
lowing scenarios: cheap fermentation molasses with diffi-
cult product recovery versus more expensive sugar based
fermentation with easy one step product recovery. In that
study we will also both economically and technologically
compare this ethanol mediated precipitation process to
other conventional lactic acid recoveries.

References

[11  Wang, Y., Meng, H., Cai, D., Wang, B., Qin, P., Wang, Z., Tan, T.
"Improvement of L-lactic acid productivity from sweet sorghum
juice by repeated batch fermentation coupled with membrane sep-
aration", Bioresource Technology, 211, pp. 291-297, 2016.
https://doi.org/10.1016/j.biortech.2016.03.095

[2] Thapa,L.P,Lee,S.J., Park, C., Kim, S. W. "Production of L-lactic
acid from metabolically engineered strain of Enterobacter aero-
genes ATCC 29007", Enzyme and Microbial Technology, 102,
pp. 1-8, 2017.
https://doi.org/10.1016/j.enzmictec.2017.03.003

[3] Kumar, R., Mahajani, S. M., Nanavati, H., Noronha, S. B. "Recovery
of lactic acid by batch reactive distillation", Journal of Chemical
Technology & Biotechnology, 81(7), pp. 11411150, 2006.
https://doi.org/10.1002/jctb.1444

[4]  Juturu, V., Wu, J. C. "Microbial production of lactic acid: the latest
development", Critical Reviews in Biotechnology, 36(6), pp. 967—
977, 2016.
https://doi.org/10.3109/07388551.2015.1066305

[5] Thakur, A., Panesar, P. S., Saini, M. S. "Parametric Optimization
of Lactic Acid Production by Immobilized Lactobacillus casei
Using Box- Behnken Design", Periodica Polytechnica Chemical
Engineering, 62(3), pp. 274-285, 2018.
https://doi.org/10.3311/PPch.11403

[6] Ghaffar, T., Irshad, M., Anwar, Z., Aqil, T., Zulifqar, Z., Tariq, A.,
Kamran, M., Ehsan, N., Mehmood, S. "Recent trends in lactic
acid biotechnology: A brief review on production to purifica-
tion", Journal of Radiation Research and Applied Sciences, 7(2),
pp. 222 -229, 2014
https://doi.org/10.1016/j.jrras.2014.03.002

[71 Li, Y., Shahbazi, A., Williams, K., Wan, C. "Separate and
Concentrate Lactic Acid Using Combination of Nanofiltration
and Reverse Osmosis Membranes", Applied Biochemistry and
Biotechnology, 147(1-3), pp. 1-9, 2008.
https://doi.org/10.1007/s12010-007-8047-5

Vidra et al. | 539
Period. Polytech. Chem. Eng., 63(4), pp. 533-540, 2019

In summary, more than 40 % (in the molasses based
broth) and 80 % (in the saccharose based broth) of the
calcium lactate can be obtained directly from fermenta-
tion broth in a multi-cycle precipitation process by add-
ing sufficient amount of ethanol and adjusting the proper
temperature of the process. Therefore both the loss can be
reduced during downstream processing, as well the vol-
ume to be processed resulting lower downstream costs.
Furthermore, the reuse and regeneration of the used etha-
nol can be easily achieved, resulting a sustainable process.

Acknowledgments

This research is based upon work kindly supported by
Corax Bioner Zrt. under Grant No. GINOP 2.1.1-15-0433,
for which the authors are very grateful.

[8] Hu,J, Lin, Y., Zhang, Z., Xiang, T., Mei, Y., Zhao, S., Liang, Y.,
Peng, N. "High-titer lactic acid production by Lactobacillus pentosus
FL0421 from corn stover using fed-batch simultaneous saccharifica-
tionand fermentation", Bioresource Technology, 214, pp. 74—-80,2016.
https://doi.org/10.1016/j.biortech.2016.04.034

[9] Ahring, B. K., Traverso, J. J., Murali, N., Srinivas, K. "Continuous
fermentation of clarified corn stover hydrolysate for the produc-
tion of lactic acid at high yield and productivity", Biochemical
Engineering Journal, 109, pp. 162—169, 2016.
https://doi.org/10.1016/j.bej.2016.01.012

[10] Abdel-Rahman, M. A., Xiao, Y., Tashiro, Y., Wang, Y., Zendo, T.,
Sakai, K., Sonomoto, K. "Fed-batch fermentation for enhanced
lactic acid production from glucose/xylose mixture without carbon
catabolite repression", Journal of Bioscience and Bioengineering,
119(2), pp. 153-158, 2015.
https://doi.org/10.1016/j.jbiosc.2014.07.007

[11] Hetényi, K., Németh, A., Sevella, B. "Investigation and modeling
of lactic acid fermentation on wheat starch via SSF, CHF and SHF
technology", Periodica Polytechnica Chemical Engineering, 55(1),
pp. 11-16, 2011.
https://doi.org/10.3311/pp.ch.2011-1.02

[12] Vijayakumar, J., Aravindan, R., Viruthagiri, T. "Recent Trends
in the Production , Purification and Application of Lactic Acid",
Chemical and Biochemical Engineering Journal, 22(2), pp. 245—
264, 2008.

[13] Lee, E. G., Kang, S. H., Kim, H. H., Chang, Y. K. "Recovery of
lactic acid from fermentation broth by the two-stage process of
nanofiltration and water-splitting electrodialysis", Biotechnology
and Bioprocess Engineering, 11(4), pp. 313-318, 2006.
https://doi.org/10.1007/BF03026246

[14] Weusthuis, R. A., Mars, A. E., Springer, J., Wolbert, E. J. H,,
van der Wal, H., de Vrije, T. G, ... Eggink, G. "Monascus ruber
as cell factory for lactic acid production at low pH", Metabolic
Engineering, 42, pp. 6673, 2017.
https://doi.org/10.1016/j.ymben.2017.05.005


https://doi.org/10.1016/j.biortech.2016.03.095
https://doi.org/10.1016/j.enzmictec.2017.03.003
https://doi.org/10.1002/jctb.1444
https://doi.org/10.3109/07388551.2015.1066305
https://doi.org/10.3311/PPch.11403
https://doi.org/10.1016/j.jrras.2014.03.002
https://doi.org/10.1007/s12010-007-8047-5
https://doi.org/10.1016/j.biortech.2016.04.034
https://doi.org/10.1016/j.bej.2016.01.012
https://doi.org/10.1016/j.jbiosc.2014.07.007
https://doi.org/10.3311/pp.ch.2011-1.02
https://doi.org/10.1007/BF03026246
https://doi.org/10.1016/j.ymben.2017.05.005

540

[15]

[17]

Vidra et al.
Period. Polytech. Chem. Eng., 63(4), pp. 533-540, 2019

Ataei, S. A., Vasheghani-Farahani, E. "In situ separation of lactic
acid from fermentation broth using ion exchange resins", Journal
of Industrial Microbiology & Biotechnology, 35(11), pp. 1229—
1233, 2008.

https://doi.org/10.1007/s10295-008-0418-6

Oonkhanond, B., Jonglertjunya, W., Srimarut, N., Bunpachart, P.,
Tantinukul, S., Nasongkla, N., Sakdaronnarong, C. "Lactic acid
production from sugarcane bagasse by an integrated system of
lignocellulose fractionation, saccharification and fermentation,
and ex-situ nanofiltration", Journal of Environmental Chemical
Engineering, 5(3), pp. 2533-2541, 2017.
https://doi.org/10.1016/j.jece.2017.05.004

Min, D.-J., Choi, K. H., Chang, Y. K., Kim, J.-H. "Effect of oper-
ating parameters on precipitation for recovery of lactic acid from
calcium lactate fermentation broth", Korean Journal of Chemical
Engineering, 28(10), pp. 1969-1974, 2011.
https://doi.org/10.1007/s11814-011-0082-9

(18]

[19]

[20]

Marinova, M., Kyuchoukov, G., Albet, I,

Malmary, G. "Separation of tartaric and lactic acids by means of

Molinier, J.,

solvent extraction", Separation and Purification Technology, 37(3),
pp. 199-207, 2004.

https://doi.org/10.1016/S1383-5866(03)00218-1

Ghernaout, D., Ghernaout, B., Saiba, A., Boucherit, A., Kellil, A.
"Removal of humic acids by continuous electromagnetic treatment
followed by electrocoagulation in batch using aluminium elec-
trodes", Desalination, 239(1-3), pp. 295-308, 20009.
https://doi.org/10.1016/j.desal.2008.04.001

Cao, X., Lee, H.-J., Yun, H. S., Koo, Y.-M. "Solubilities of cal-
cium and zinc lactate in water and water-ethanol mixture", Korean
Journal of Chemical Engineering, 18(1), pp. 133—135, 2001.
https://doi.org/10.1007/BF02707210


https://doi.org/10.1007/s10295-008-0418-6
https://doi.org/10.1016/j.jece.2017.05.004
https://doi.org/10.1007/s11814-011-0082-9
https://doi.org/10.1016/S1383-5866(03)00218-1
https://doi.org/10.1016/j.desal.2008.04.001
https://doi.org/10.1007/BF02707210

	1 Introduction
	2 Materials and methods
	2.1 Preparation of fermentation broths for precipitation tests
	2.2 Analysis, Software
	2.3 Experimental design
	2.4 Precipitation

	3 Results and discussion 
	3.1 Calcium lactate precipitation from molasses based fermentation broth
	3.2 Calcium lactate precipitation from saccharose based fermentation broth
	3.3 Calcium lactate precipitation from model solution

	4 Discussion
	Acknowledgments
	References

