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Abstract

The reduction of sugar intake by adults has been stated by the World Health Organization as an important strategy to reduce the
risk of non-communicable diseases. Erythritol is a four-carbon sugar alcohol that is considered as a highly suitable substitution
for sucrose. This review article covers approaches for the separate stages of the biotechnological production of erythritol from
cultivation to the downstream section. The first part focuses on the cultivation stage and compares the yields of erythritol and
arising by-products achieved with different types of substrates (commercial versus alternative ones). The reported numbers
obtained with the most prominently used microorganisms in different cultivation methods (batch, fed-batch or continuous) are
presented. The second part focuses on the downstream section and covers the applied technologies for cell removal, recovery,
purification and concentration of erythritol crystals, namely centrifugation, membrane separation, ion and preparative chroma-
tography, crystallization and drying. The final composition of the culture broth and the preparative chromatography separation
performance were identified as critical points in the production of a high-purity erythritol fraction with a minimum amount of
losses. During the review, the challenges for a biotechnological production of erythritol in a circular economy context are
discussed, in particular regarding the usage of sustainable resources and minimizing waste streams.

Key points

* Substitution of sucrose by erythritol can be a step towards a healthier society

* Biotechnological production of erythritol should follow a circular economy concept

* Culture broth composition and preparative chromatography are keys for downstreaming
* Substrate, mother liquor and nutrients are challenges for circular economy

Keywords Erythritol - Biotechnology - Downstream - Sustainable substrates - Circular economy

Introduction

Erythritol is a four-carbon sugar alcohol that is naturally pres-
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other sweeteners as xylitol and fructose, erythritol provides a
higher digestive tolerance (Kasumi 1995; Boesten et al. 2015;
BeMiller 2018; Rakicka-Pustulka et al. 2020).

Erythritol can be produced by chemical synthesis or biotech-
nological approaches. The chemical synthesis includes the cata-
lytic transformation (e.g. Raney-nickel) of organic acids and
sugars (e.g. L-tartaric acid and dialdehyde starch) (Feitosa et al.
2018), and reactions require high pressure (4-20 MPa) and tem-
perature (120-200 °C). The chemical synthesis leads to by-
products such as threitol and ethylene-glycol (Rzechonek et al.
2018). The low yields, the high complexity and the harsh oper-
ational conditions make the chemical synthesis an unfavourable
option. The biotechnological production uses aerobic microor-
ganisms such as Moliniella pollinis, Trichosporonoides
megachiliensis and Yarrowia lipolytica, which require glucose
as the primary carbon source (Rzechonek et al. 2018). For the
erythritol market, transactions of 70,400 tons equivalent to
US$198.3 million were reported in 2019, and this is predicted
to increase to up to US$310 million in 2026 (Ahuja and Rawat
2020). The increase in the demand is promoted by the retail
powder market and other industrial applications as for beverages,
personal care and pharmaceuticals (Ahuja and Rawat 2020). The
current leading companies producing erythritol are Cargill,
Jungbunzlauer Suisse AG, Shandong Sanyuan Biotechnology,
Foodchem International Corporation, Zibo ZhongShi GeRui
Biotech, Baolingbao Biology, Mitsubishi Kagaku Food
Corporation, Nikken Chemical and Frutaste (Ahuja and Rawat
2020). The raw materials, mainly represented by commercial
glucose, contribute to approximately 75% of the total erythritol
production costs (Ahuja and Rawat 2020).

The increasing market for erythritol on the one hand and a
generally earth-wide growing demand for raw materials on the
other hand reinforce the urgency to find alternative ways to
cover the need for sugar substitutes like erythritol. Circular
economy approaches claim design or re-design of production
processes guided by the current concerns about resource de-
pletion, waste production and management (Blomsma and
Tennant 2020; Cainelli et al. 2020). To tackle the old ‘tak-
ing-transforming-using-disposing’ paradigm, a transition to-
wards circular economy demands closed-loop processes. In
2015, the European Commission agreed on the main guide-
lines for circular economy, namely ‘Closing the Loop—An
EU action plan for the Circular Economy’ (European Union
2015). This plan includes the sections ‘From waste to re-
sources: boosting the market for secondary raw materials
and water reuse’ and ‘Biomass and bio-based products’, in
which the efficiency based on environmental eco-efficiency
models play the determinant role (Toop et al. 2017; Bimpizas-
Pinis et al. 2021).

Concerning erythritol production, research strategies have
been implemented such as the use of alternative carbon sources,
a further development of production strains, the identification
of alternative erythritol-producing microorganisms or the

@ Springer

minimization of by-product formation through metabolic engi-
neering (Koh et al. 2003; Jeya et al. 2009; Savergave et al.
2011; Ghezelbash et al. 2014; Guo et al. 2016; Regnat et al.
2018; Liu et al. 2019; Liu et al. 2019; Martau et al. 2020;
Hijosa-Valsero et al. 2021). Despite the progress reported in
many studies on the upstream and cultivation stage, there is
limited information about optimization strategies of the down-
stream part. This would be of particular importance considering
that the downstream part directly affects the overall perfor-
mance of the process, the waste generation, the final process
yields and the overall production costs. Taken the circular econ-
omy idea into account, the design of a downstream strategy
needs to identify the arrangement of unit operations that lead
to a robust, safe and economically viable manufacturing pro-
cess with an acceptable recovery-purity balance, a minimum
waste production and a low energy consumption (Lacki et al.
2018).

This review discusses the relation between the upstream
and cultivation stage and the downstream configuration and
performance. Further, the main downstream stages for the
biotechnological production of erythritol, i.e. it covers the
main unit operations, their sequential arrangement and the
challenges resulting from these configurations. As a contribu-
tion to the circular economy context, the main open loops and
waste sources were identified in the separate process stages
and suggestions for the implementation of non-conventional
feedstocks, the treatment of residual mother liquor from crys-
tallization, recovery of nutrients and biomass utilization are
provided.

Factors associated with the cultivation stage

The composition of the final culture broth obtained from the
bioreactor defines and constrains the arrangement and perfor-
mance of the downstream stage. Factors such as the carbon
source and the type of culture method (batch, fed-batch or con-
tinuous) have a direct influence on the downstream process.
Other relevant factors affecting the metabolism of the
erythritol-producing microorganisms, such as the culture medi-
um composition, the carbon to nitrogen ratio and the osmotic
pressure influence the composition of the final culture broth.
The composition is directly related to the nature and concentra-
tion level of the substances to be separated and determines the
technology selection and arrangement (Hernandez-Pérez et al.
2019; Martau et al. 2020). Therefore, the first part of this review
describes the factors associated to the cultivation stage and their
impact on erythritol yields.

Carbon source

Several studies have assessed different carbon sources for
their impact on erythritol to by-product formation by
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commonly used erythritol-producing microorganisms. This
review distinguishes between the usage of purified, commer-
cially available carbon sources such as glucose, xylose
(Sasman et al. 2007; Guo et al. 2016) or glycerol
(Rzechonek et al. 2018; Rakicka-Pustutka et al. 2020) and
non-conventional substrates, which provide next to a carbon
source other nutrients, such as lignocellulosic hydrolysates
(Guo et al. 2016), molasses (Mironczuk et al. 2015), crude
glycerol (Mironczuk et al. 2014) or residual grape (Hijosa-
Valsero et al. 2021). Obtained erythritol yields and by-
product formation as well as the process parameters are given
for the most commonly used production organisms in Table 1
(for the conventional carbon sources) and Table 2 (for the
non-conventional substrates). The by-product fraction in-
cludes for both types of substrates, mannitol, arabinitol, glyc-
erol, ethanol and organic acids (citric acid, butyric acid and -
ketoglutaric acid) (Ryu et al. 2000; de Troostembergh et al.
2002; Rakicka et al. 2016).

Because of easy handling, safety, purity and selectivity
towards erythritol, high-concentrated glucose syrup (16—
40% (w/v)) is the most used carbon source until now both in
industrial and research scale. Jeya et al. evaluated the
erythritol production by the basidiomycetous yeast
Pseudozyma tsukubaensis using different carbon sources
(Jeya et al. 2009). The study included the usage of glucose,
fructose, galactose, mannose, sucrose, sorbose, glycerol and
lactose as carbon sources. The results led to highest carbon
source assimilation and erythritol concentration using glucose
as carbon source, followed by sucrose and mannose (Jeya
et al. 2009). Saran et al. isolated the yeast Candida
sorbosivorans SSE-24, which had a selective erythritol pro-
duction using glucose as carbon source, in contrast to the use
of glycerol, starch or sodium acetate, for which no erythritol
production was observed (Saran et al. 2015).

Commercial glycerol has been identified as preferable car-
bon source for erythritol production using Monilliela
megachilensis SN-G42 (Kobayashi et al. 2015) and Yarrowia
lipolytica MK1 (Mironczuk et al. 2014; Mironczuk et al. 2015;
Rakicka-Pustutka et al. 2020) obtaining higher yields and a
higher erythritol to by-product ratio compared to commercial
glucose. Summarizing, for the commercial carbon sources,
erythritol yields of 0.1-0.6 g/g glucose, 0.26 g/g xylose and
0.66 g/g glycerol were reported (Table 1). These values are
close to the maximum theoretical erythritol yields of 0.678 g/
g hexoses and 0.884 g/g glycerol (Hijosa-Valsero et al. 2021).
Even though glucose and glycerol provide a high selectivity for
erythritol production, their high price and volatilities (approx.
480 $/ton glucose and 270-500 $/ton refined glycerol) are clear
disadvantages. Aside from that, socioeconomical concerns arise
about the usage of sugars or highly refined substrates for pro-
ducing sugar substitutes.

The use of non-conventional substrates is considered a key
point in a circular economy context (Cardona-Alzate et al.

2020). This matches well with the increasing interest in a
utilization of residual biomass from agricultural or industrial
activities either in stand-alone process or in biorefinery con-
cepts. Summarizing, for non-conventional substrates,
erythritol yields of 0.15-0.57 g/g crude glycerol and 0.12—
0.375 g/g of other non-conventional substrates were reported
(Table 2). Besides being a highly available compound, crude
glycerol contains various mineral nutrients that can be bene-
ficial for cultivation purposes. The most commonly used
erythritol-producing microorganisms can grow on it and
synthetize erythritol with the advantage that remnant com-
pounds (e.g. NaOH, NaCl, Ca, K or non-glycerol organic
matter) do not need to be removed before cultivation
(Mironczuk et al. 2014; Kobayashi et al. 2015).
Furthermore, Guo et al. assessed the erythritol production of
a mutant strain of the yeast-like fungus Aureobasidium
pullulans using corncob hydrolysate as carbon source. They
detected an incomplete sugar consumption with remaining
xylose, arabinose and glucose concentrations of 58.0%,
20.2% and 84.8%, respectively, and a final erythritol concen-
tration that was only 17% lower than the control using glucose
(Guo et al. 2016). The evaluation of alternative substrates for
erythritol production also included the usage of molasses
(Mironczuk et al. 2015) and fungal-pretreated soybean resi-
dues (Liu et al. 2017) for cultivation of Y. lipolytica, corncob
hydrolysate for cultivation of A. pullulans (Guo et al. 2016),
sugarcane molasses, beet molasses, ros¢ and red grape must
for cultivation of M. pollinis (Hijosa-Valsero et al. 2021) and
wheat straw for cultivation of Trichoderma reesei (Jovanovié¢
et al. 2014). Studies on emerging microorganisms for
erythritol production included the latter fungus (Jovanovic¢
et al. 2014; Regnat et al. 2018). It has developed a
saprotrophic lifestyle and therefore produces high amounts
of enzymes, in particular cellulases and hemicellulases. Such
saprobes would be interesting production organisms for
erythritol from all kinds of lignocellulosic feedstocks.
Jovanovi¢ et al. assessed the usage of delignified wheat straw
as substrate for cultivation of a recombinant 7. reesei strain
and observed besides good-growth erythritol concentrations
of only around 5 mg/L (Jovanovi¢ et al. 2014). This pointed
to the need for improving the biochemical flux towards
erythritol and triggering its secretion as the main challenge
for using this microorganism.

While the presence of additional compounds next to the
carbon source in non-conventional substrates can be advanta-
geous, these substrates might also raise a need for pretreat-
ment and/or detoxification. For example, Hijosa-Valsero and
co-workers reported inhibition in growth and production of
erythritol using beet molasses without pretreatment due to
the high level of cations in the untreated feedstock. This in-
hibitory effect was reduced by a detoxification using a cation
exchange column filled with Amberlite IR-120 resin (Hijosa-
Valsero et al. (2021)). Other studies have reported on the
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utilization of lignocellulosic biomass to produce xylitol. A
pretreatment coupled to detoxification strategies was needed
to overcome the recalcitrance of lignocellulose and to remove
inhibitory compounds arising from sugar solubilization (Wei
etal. 2010; Kresnowati et al. 2017; Kumar et al. 2019). In case
of crude glycerol, residual oils, fatty acids, inorganic com-
pounds and proteins could cause microbial inhibition or rhe-
ological restrictions, and crude glycerol also demands control
of the pH (Kobayashi et al. 2015).

Guo et al. (2016)

Ref.

Concentration

range
g/LP
0.35-17.82

Composition of the cultivation medium

Increase in cell permeability, prevention of damage by lysis
and increase in erythrose reductase activity can be reached by
the addition of ion metals and surfactants and modifying the
C:N ratio (Savergave et al. 2011; Kang et al. 2019; Rakicka-
Pustutka et al. 2020).

The addition of metal ions like Mn?*, Cu>* and Zn®>" as
salts has been gaining importance in the optimization of the
culture medium for strains like Torula sp. and Y. lipolytica
(Rzechonek et al. 2018). Some studies have discussed the
positive effects of Cu?* and Zn** on the increase in the
erythrose reductase activity (Lee et al. 2000; Tomaszewska
et al. 2014; Janek et al. 2017) or described the role of Mn>*
as a facilitator for erythritol transport through the cell mem-
brane (Lee et al. 2000; Tomaszewska et al. 2014). Lee et al.
(2000) reported increases of 34% and 33% in erythrose reduc-
tase activity and final erythritol concentration by the addition
of 10 mg/L CuSO45H,0 and 10 mg/L MnSO4-4H,O0,
respectively.

Kang et al. (2019) assessed four different surfactants
(Betaine, Tween 20, Tween 80, Span 20 and Triton X-100)
to determine the effect on the production of erythritol by
T. oedocephalis. A Betaine dosage of 0.5 g/L leads to a 10%
increase in the erythrose reductase activity. Besides, this ex-
periment did not present cell disruption compared to the con-
trol culture. This result was attributed to the capability of be-
taine to protect the morphology and viability of the microor-
ganism (Kang et al. 2019).

According to Mironzuc et al. and Rakicka et al., the pre-
ferred formation of product versus biomass can be modulated
by the C:N ratio (Mironczuk et al. 2015); for example, higher
erythritol production instead of a high biomass synthesis can
be obtained under limited nitrogen conditions (Rakicka et al.
2017). Several groups have considered nitrogen in their stud-
ies on medium optimization, including organic nitrogen
sources such as yeast extract or inorganic sources as ammo-
nium sulphate (Savergave et al. 2011; Rakicka et al. 2016;
Rakicka-Pustulka et al. 2020). Savergave et al. determined
an optimal yeast extract concentration of 10 g/L for the culture
of C. magnoliae, producing a maximum erythritol concentra-
tion of 57 g/L. However, it should be noted that high nitrogen
levels can lead to increased concentrations of by-products of

Cultivation medium
Main components
of the cultivation

medium
KH,PO,
KH,PO,
Citric acid

By-product
to erythritol
ratio %
YE

g/LP
3

acid
N.R.

By-products
Compound
Citric acid
a-ketoglutaric

Biomass
concentration

gg gL’

g/
Lh

Erythritol

production
386 31.75 022 026 3228

Initial Final g/L°
g/LP

Type of Substrate
g/Lb
2

culture

B

Microorganism
Aurebasidium
pullulans

YE yeast extract, N.R. not reported
€ Per gram of carbon source

Table 1 (continued)

#Total organic acid
® Per litre of culture

Substrate
Commercial
xylose

@ Springer
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up to 40-50% of total erythritol produced (Savergave et al.
2011). Rakicka et al. determined the capability of Y. lipolytica
to consume glycerol as carbon source using yeast extract (9.75
g/L) and ammonium sulphate at different concentration levels
(2.3 g/LL and 4.6 g/L). The usage of 4.6 g/l ammonium sul-
phate led to erythritol yield of 0.52 g/g which is higher than
the obtained yield using the low level of ammonium sulphate
(0.29 g/g) or yeast extract (0.47 g/g) (Rakicka et al. 2016).

The viscosity of the culture medium represents an impor-
tant factor to be considered, as an increase of viscosity reduces
the oxygen transfer rate and promotes the production of other
undesired by-products such as ethanol (de Troostembergh
et al. 2002). The production of polysaccharides during the
cultivation results in a rapid increase of the viscosity and
makes it difficult to recover highly pure crystals as it reduces
the crystallization rates and purity of the final product.
According to de Troostembergh et al., polysaccharide concen-
trations in the order of 2% (wt. based on erythritol) can already
limit the final erythritol purity of up to 80% wt. and results in
an ethanol production in the order of 22% wt. (based on
erythritol) (de Troostembergh et al. 2002).

Cultivation conditions

Different cultivation modes including batch, fed-batch or con-
tinuous cultivation have been evaluated for erythritol produc-
tion. For example, in case of C. magnoliae, the highest
erythritol concentration (namely 200 g/L (Koh et al. 2003))
was obtained with fed-batch cultivation using commercial
glucose as carbon source (Table 1). With batch cultivations
using the same microorganism and carbon source, only three
to ten times lower erythritol concentrations (60.3 and 20.3 g/
L; Savergave et al. 2011; Ghezelbash et al. 2014) were obtain-
ed (Table 1).

For the non-conventional substrates, the cultivation of
Y. lipolytica using crude glycerol in fed-batch mode gave the
highest erythritol concentration (180.3 g/L; Rakicka et al.
2017) followed by the same organism on the same substrate
in continuous cultivation mode (162 g/L; Rakicka-Pustutka
et al. 2020) (Table 2).

Productivity and yields can be also linked to the osmotic
pressure. The osmotic pressure influences cell growth and cell
osmolarity on the one hand, and on the other hand, high levels of
osmotic pressure can induce the activity of erythrose reductase,
hence promoting the production of erythritol (Rakicka-Pustutka
et al. 2020). Besides, a higher osmotic pressure promotes the
excretion of products such as glycerol and erythritol, protecting
the cell against plasmolysis (Li et al. 2017).

The osmotic pressure can be adjusted through the carbon
source and/or the salt concentration. Yang and co-workers
reported an increase in the production of erythritol caused by
the use of sodium chloride as osmotic agent in contrast to the
utilization of glycerol. They found an increase in the
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expression of 26 different proteins, some of them involved
in erythritol synthesis (Yang et al. 2015). Liu et al. reported
increased excretion of glycerol by 7. oedocephalis as a mech-
anism for osmotic pressure stabilization in response to potas-
sium chloride concentrations applied above the optimum (Li
etal. 2017). For batch cultivations, the initial concentration of
the carbon source is about 120-300 g/L, which is mainly used
for the growth of the microorganisms, while the osmotic pres-
sure usually is adjusted by the addition of salts once the mi-
croorganisms reached a specific biomass concentration (Li
etal. 2017).

On the other hand, the fed-batch cultivation mode itselfis a
strategy for osmotic pressure modulation. This modulation is
achieved through an initial carbon source concentration of
250400 g/L (corresponding to low osmotic pressure), which
is a suitable condition for the growth of the microorganism.
Then, feeding a higher amount of carbon source increases the
osmotic pressure as well as the erythritol production rate (Kim
et al. 1997). Due to the advantages of the fed-batch culture
mode, different approaches have been performed to evaluate
the modulation of the osmotic pressure during the cultivation.
These approaches include two-stages fed-batch (Mironczuk
et al. 2015) and repeated fed-batch strategies (Mironczuk
etal. 2014).

Mironczuk et al. assessed the two-stage fed-batch approach
using two different carbon sources at different concentrations
(molasses 30 g/l and commercial glycerol 200 g/L) for the
biomass growth stage and the erythritol production stage, re-
spectively (Mironczuk et al. 2015). The authors reported an
increase in the osmotic pressure of 8.3 times to 11.6 times
(2.5-2.8 osmol/kg) during the second stage (Mironczuk
et al. 2015). Although this approach led to a high erythritol
yield (0.57 g per g carbon source), the concentration of
erythritol (113.9 g/L) and the by-product to erythritol ratio
(0.272) were still lower compared to other fed-batch
configurations.

Mironczuk et al. also assessed the repeated fed-batch strat-
egy using residual glycerol as carbon source by replacing 20%
of the culture broth by fresh medium. The complete cycle
lasted 64 days with 11 cultivation medium replacements.
This approach showed a similar erythritol yield (0.56 g per g
carbon source), higher concentration of erythritol (155.5 g/L)
and a lower by-product to erythritol ratio (0.107) compared to
the two-stage fed-batch approach. The authors concluded the
overall performance was affected by the type of carbon source
and the amount of medium replaced (Mironczuk et al. 2014).

Considering alternative substrates and cultivation modes,
solid-state fermentation (SSF) was evaluated for erythritol
production with the mutant strain Y. /ipolytica M53-S using
oil crop residues supplemented with waste cooking oil and
sesame meal. The obtained total erythritol concentration was
185.4 mg/g of dry substance (Liu et al. 2019). Liu et al. also
assessed the production of erythritol using biochars from
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different residues (rice husk, wheat straw, mushroom and pig
manure) as an enhancing agent of the carbon source consump-
tion in SSF with the mutant strain Y. lipolytica M53-S. The
obtained erythritol concentration was 222.5 mg/g of dry sub-
stance (Liu et al. 2020). The main advantages offered by SSF
include more manageable operation and the low consumption
of energy and water. However, this mode of cultivation is still
a matter of research due to the low yields (similar to batch
cultures), heterogeneous mass transfer, troubles for oxygen
distribution and longer times of cultivation required (Liu
etal. 2017; Liu et al. 2019; Liu et al. 2020).

Conclusions from the section

Glucose as the mainly conventional carbon source used gives
higher productivities, yields and final concentrations of
erythritol than non-conventional substrates. Notwithstanding,
recent studies have shown improvements in final erythritol
concentrations using diverse non-conventional substrates like
lignocellulosic feedstock, crude glycerol, agro-industrial or
dairy residues. Such substrates have the advantage of high
availability and the provision of carbon sources. With regard
to the demand for macro- and micro-nutrients in cultivation
processes, their utilization offers a natural source of ions, vi-
tamins or nitrogen, thereby decreasing or minimizing the de-
mand of salts (Tomaszewska et al. 2014; Kobayashi et al.
2015; Fayet et al. 2018; Hausjell et al. 2019). Further, the
production of erythritol using such substrates can be designed
as a biorefinery approach making an integral utilization of the
substrates to obtain different families of products (Serna-
Loaiza et al. 2019; Awasthi et al. 2020; Sebastian-Nicolas
et al. 2020). Considering these points, more research towards
erythritol production in a circular economy context would be
needed.

In terms of the cultivation mode, the fed-batch configura-
tion showed higher yields and concentrations by offering the
possibility of controlling osmotic pressure through the addi-
tional carbon source with or without medium supplements or
osmotic agents to the culture broth.

Downstream processes for the biotechnological
production of erythritol

Figure 1 presents a schematic overview on the stages of an
erythritol production process starting from the cultivation
followed by the major stages of the downstream section,
which are (i) the cell removal, (ii) the recovery of erythritol
(including the separation of salts and insoluble compounds),
(iii) the purification and (iv) the concentration. Each stage and
the corresponding, available technologies will be discussed in
the following sections separately.

Cell removal stage

The cellular biomass plays an important role in biotechnolog-
ical erythritol production as the biofactory and an important
by-product at the same time, reaching concentrations of about
15.30 to 75 g/L in the culture broth (Tables 1 and 2). Since
erythritol is an extracellular product, the downstream strategy
needs to allow the removal of non-soluble by-products and
remaining microorganisms. Both can affect and interfere with
yields of further operations by clogging membranes or resin
columns, as well as with the performance of heat exchange
devices (Morioka et al. 2000). Different approaches for the
biomass disposal include recirculation (Morioka et al. 2000),
cell inactivation (Sasman et al. 2007) and valorization accord-
ing to the physicochemical characterization (e.g. protein and
lipid fraction) (Ekpeni et al. 2014; Mironczuk et al. 2014;
Patrignani et al. 2020). Importantly, the type of cultivation
mode implicates the possibility to separate or even reuse
biomass.

The main focus for batch cultivations is to inactivate and
separate the biomass, which is performed by heating the culture
broth with temperatures up to 70 °C (Sasman et al. 2007).
Several studies recommend processes at temperatures close to
the inactivation point (50-90 °C) avoiding biomass re-growth
or microbiological contamination (Maeda et al. 1995; Morioka
et al. 2000; Sasman et al. 2007). Then, the solid fraction is
separated from the liquid fraction by centrifugation (Toshihiro
et al. 1993; Maeda et al. 1995), vacuum filtering (pre-coated
rotary filter) (de Troostembergh et al. 2002) or membrane fil-
tration with pore sizes not bigger than 0.1 pm and a molecular
weight cut-off not lower than 10,000 Da (Maeda et al. 1995;
Sasman et al. 2007). Ultrafiltration performed close to the iso-
electric point (pH 3.5-5.5) can facilitate the precipitation and
removal of enzymes and protein fractions, reducing the
foaming as well as interferences in ion exchange operations
(Morioka et al. 2000; Kresnowati et al. 2019).

Regarding continuous cultivation, the aim is not only the
inactivation of the biomass, already described in the previous
paragraph, but also the recirculation and reuse of the biomass.
Maeda et al. assessed a microfiltration or ultrafiltration flat
membrane coupled to the bioreactor for cell separation to ob-
tain an erythritol-enriched permeate fraction and a retentate
fraction (rich in biomass slurry). The microfiltration mem-
branes should have a maximum pore size of 1 pm, and the
ultrafiltration membranes should have a maximum cut-off
molecular weight value of 10,000 Da (Maeda et al. 1995).
The cultivation was performed in continuous mode, and once
the concentration of glucose decreased to 5%, the authors
started filtrating at a constant transmembrane pressure of
0.98 bar. The retentate fraction was then recirculated, ensuring
a cellular concentration around 100 g/L (dry basis). Using this
approach, the authors reported a 2.67-fold increase of the
erythritol productivity (Maeda et al. 1995).
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Fig. 1 Scheme of the downstream process for erythritol production

Recovery stage

This stage aims to remove insoluble fractions, ionizable com-
pounds and colour from the biomass-free culture broth and to
isolate the erythritol fraction in a clarified solution that can be
processed in the purification step. For these purposes, differ-
ent unit operations as ultrafiltration, ion exchange and concen-
tration can be used. The effluent of the separation stage is a
stream mainly composed of residual carbon source, erythritol
and main by-products such as glycerol and other polyols.

Ultra- and nanofiltration

Depending on the approach used for the removal of the bio-
mass, enzymes and insoluble substances could remain in the
culture broth, e.g. after the centrifugation. Such impurities could
cause interference with heat exchangers, lead to foaming, clog
ion exchange units, foul membranes or increase resistance to
mass transfer (Morioka et al. 2000; Poletto et al. 2015).

After heating at 70°C, which ensures inactivation of the
microorganisms and thermal precipitation of the enzyme and
protein fraction in the culture broth, Rakicka et al. used a mem-
brane filter, namely Cell-Free type Sampling (Bioengineering)
with a flat membrane made of polysulfone (diameter of 45 mm,
pore size 0.45 mm) for the separation of biomass (Rakicka et al.
2016). Ultrafiltration is also used in downstream and upstream
stages to produce other polyols like xylitol (Kresnowati et al.
2017; Kumar et al. 2019) Kresnowati et al. reported the removal
of biomass and protein fractions from the culture broth contain-
ing xylitol, which improved the efficiency of further operations
as electrodialysis (Kresnowati et al. 2019). For improved
erythritol purification, Li et al. (2020) and Zhao et al. (2020)
included nanofiltration after the microfiltration as an additional
step in order to remove remaining macromolecules before the
subsequent ion exchange.

lon exchange for desalting
The biomass-free fraction can be submitted to ion exchange

treatment to remove ionizable compounds, such as inorganic
salts or organic acids (e.g. acetic acid), and/or colouring
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compounds from the cultivation broth. Besides the addition
of inorganic salts to the cultivation medium, hardness ions
such as calcium and magnesium could be introduced by the
utilization of tap water or certain substrates (e.g. glycerol or
hydrolysates) (Jovanovic et al. 2014; Rakicka et al. 2017). A
softening step to remove the hardness from the culture broth
can be performed using sodium-based strongly acidic cation
exchange resins and weakly acidic cation exchange resins
(Morioka et al. 2000). For a good separation efficiency of
further chromatographic separation steps, some studies have
suggested to perform such a softening process before the chro-
matographic separation (Sasman et al. 2007) or coupled to the
desalination process (Rakicka et al. 2016).

Rakicka et al. reported a desalination process using a four-
column arrangement including ion exclusion and ion exchange
separation (Rakicka et al. 2016). The ion exclusion stage was
performed using a sodium monospheric cation exchange col-
umn (Lewatit S3783-Bayer) and deionized water (20 °C) as
eluent at a flow rate of 1 m*/m**h. They obtained three main
phases: a saline waste (0.22 Bed Volume (BV)), a transition
fraction free of products (0.22 BV) and a desalinated-rich
erythritol fraction (0.25 BV). During the ionic exchange treat-
ment, the desalted stream was passed through three ionic-
exchange beds: a strong cationic-exchange bed (H*, Lewatit
S112-Bayer), a weak anionic-exchange bed (OH", Lewatit
MP64-Bayer) and a mixed bed composed of strong cationic
and weak anionic resins. The overall arrangement allowed a
sodium chloride removal and an osmotic pressure reduction
0f 99.3% and 76.2%, respectively (Rakicka et al. 2016).

Sasman et al. reported an approach for the removal of salts
after softening (i.e. removal of calcium and magnesium ions)
and chromatographic separation of erythritol. The salts frac-
tion was removed at 50°C using cationic (Purolite C-155S)
and anionic (Purolite A103S) resins exchanging hydrogen and
hydroxyl ions. An additional salt removal stage was per-
formed by passing the stream through a mixed bed composed
of a strong anion and strong cation exchange resins (Purolite
C155S and A51MBS resins) (Sasman et al. 2007).

The regeneration process is regular maintenance step for
exhausted ion exchange resins. It demands the use of brines or
other regenerants (NaCl, NH4, NH;HCO;3, Na,COs3, HCI,
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H,SO,4, among others) to remove the ions attached to the
resins, usually salts and other components from the culture
broth (Chandrasekara and Pashley 2015), and replacing them
with the original exchangeable ion. This procedure involves
multiple steps, namely backwash, chemical injection of
regenerant solutions, slow rinse and fast rinse, leading to a
water demand—and finally wastewater generation—
equivalent to 7 times the resin volumes (Purolite 2021). The
amount of waste generated and the extensive utilization of
regenerants should point to the need to develop technological
solutions that improve the ecological efficiency of this step.

Primary concentration

After removing ionizable compounds and small molecules,
the remaining fraction can be submitted to an initial concen-
tration stage by evaporation to remove water and volatile com-
pounds (e.g. acetoin) and to improve the efficiency of the
chromatography separation by increasing the solid content
up to 35-50% (Maeda et al. 1995), (Toshihiro et al. 1993).
Among the different evaporators, falling film evaporators of-
fer a controlled heat transfer and prevent or reduce the
foaming effect (Morioka et al. 2000). To ensure adequate
and stable conditions, the optimal pressure operation window
(lower and upper pressures) needs to be determined. The low-
er pressure is limited to a value at which no foaming is ob-
served. This reduces the risk of microbiological contamina-
tion, in particular when the concentration step is conducted at
temperatures used for microbiological growth. The upper
pressure limit is the value at which neither polymerization of
polyols occur (Liu et al. 2010) nor Maillard reactions which
are interactions between the carbon source and amino acids at
high temperatures and longer heating times (Morioka et al.
2000). These reactions produce components that could intro-
duce colour, flavour or aroma to the final product (Labuza
et al. 1998).

Several authors reported the use of vacuum evaporation for
the increase of solids content (Morioka et al. 2000; Sasman
et al. 2007; Rakicka et al. 2016). Morioka et al. reached 40
Jowt. solid concentration by using a quadruple-effect shell and
tube falling film evaporator at pressures and temperatures be-
tween 1.43 and 3.87 psi and 46 and 70°C, respectively. No
foaming was observed during the operation, which reduced
erythritol losses (Morioka et al. 2000).

Purification stage

This stage aims to separate the erythritol fraction from the
residual carbon source and main by-products as glycerol and
other polyols. The separation principle that should govern this
stage is the interaction between partially charged sites on the
surface of the molecules and different matrix as chromato-
graphic resins and activated charcoal. Ion chromatography

and decolouration operation units can be used to obtain a
stream with a high concentration of erythritol and a low con-
centration of impurities.

Preparative chromatography

The main goal of preparative liquid chromatography is to
separate and isolate compounds from simple or complex mix-
tures (Waters Chromatography Division of Millipore 1987).
Rukowicz et al. (2020) studied the separation efficiency of the
erythritol-sodium chloride mixture. Six column overload
levels (10-60% BV) were assessed in a chromatographic col-
umn (100 cm length, 26 mm internal diameter) using a
monospheric strongly acidic cation exchange resin Lewatit
S1567 (Styrene-DVB, Na* form, 0.6 mm diameter). A reduc-
tion in the separation efficiency with the increase of volume
overload was detected. However, the erythritol dilution ob-
tained at low overload levels can pose an issue for further
concentration stages. The better separation efficiency was
found at 3040 % column load with separation efficiencies
between 42 and 58%.

Water is the most used eluent for neutral or weakly ionized
compounds as erythritol and erythritol by-products (Haddad
and Jackson 1990). Paanamen et al. recommend that the feed
and the eluent are preheated at temperatures of around 65—
95°C facilitating the separation performance and an alkaline
pH (6-11) (Paananen et al. 2002). They assessed a preparative
chromatographic separation using a 70-cm length and 4.5-cm
diameter column packed with a weakly acidic ethyl acrylate
6% DVB cross-linked resin with Na*, used for the separation
of sodium chloride, betaine, erythritol, glycerol, inositol, su-
crose, mannitol and «-amino acid. Samples were fed at 80 °C
and 4 mL/min using water as eluent. According to the results,
one chromatography column was insufficient to separate
erythritol, mannitol and glycerol, which had almost the same
elution time (Paananen et al. 2002).

Sasman et al. assessed a batch preparative chromatography
for erythritol recovery using a cationic acid resin (Purolite
PCR-821). The obtained erythritol-rich fraction was submit-
ted to the desalination process described in the corresponding
section above (Sasman et al. 2007).

Morioka et al. (2000) performed the preparative chroma-
tography separation by using a simulated moving bed system
consisting of a sequential arrangement of four columns filled
as follows: (i) strongly acidic, cationic DVB polystyrene sul-
fonic acid cross-linked resin (DIAION UBK-550, Mitsubishi
Chemical Corp, Na* type); (ii) a strongly acidic, cationic resin
(DIAION SK1B- Mitsubishi Chemical Corp, H" type); (iii) a
weakly basic, anion resin (DIAION WA30- Mitsubishi
Chemical Corp, OH type) and finally, (iv) a mixed bed of
the before mentioned resins (DIAION PA408, Mitsubishi
Chemical Corp). The fed fraction was composed of a mixture
of the softened culture broth and the saturated mother liquor
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from the crystallization step (Morioka et al. 2000). The pur-
pose of the first column was to perform a separation into two
eluting groups: the first group contained salts, colour com-
pounds, high-molecular—weight compounds and polysaccha-
rides and the second group contained the erythritol fraction
that coelutes with glycerol. Then, erythritol and glycerol are
separated by the second to the fourth column obtaining a
stream with an erythritol fraction of around 3-30 %wt.
(Morioka et al. 2000).

Decolouration

Decolouration removes pigments and other residual com-
pounds from the culture broth, improving the crystallization
yield and erythritol purity. It is also widely used for other
polyols, such as xylitol (Martinez et al. 2007; Misra et al.
2011; Martinez et al. 2015).

The location of the decolouration step in the downstream
section is still a matter of discussion. The two mostly used
approaches include this step either in the recovery or in the
purification stage. Li et al. assessed the decolouration with
activated carbon of micro- and ultrafiltered, biomass-free cul-
ture broth early in the recovery stage (Li et al. 2020). The main
benefit of an early elimination of odours, colouring macro-
molecules, is the improved efficiency of the preparative liquid
chromatography. On the other hand, Morioka et al. assessed
the decolouration stage after the preparative liquid chromatog-
raphy to remove contaminants capable of affecting the final
quality of crystals. However, both groups identified the dos-
age, temperature, time of contact and stirring velocity as the
key parameters. Suitable operational conditions can be deter-
mined by colour measurement or analysing the recovery of the
erythritol and crystallization yield (Toshihiro et al. 1993;
Morioka et al. 2000).

Another group reported a dosage of activated carbon equiv-
alent to 1-1.5 % of the culture broth in a filtration column
including diatomaceous earth, activated carbon, cardboard
and paper filter as a key step for removing impurities and
ensuring better performance of further operations (Wang
et al. 2016).

Concentration stage

This stage aims to obtain erythritol crystals from the purified
stream containing erythritol and residual impurities. Secondary
evaporation, crystallization, crystals separation, washing, dry-
ing and sieving are the steps necessary to reach final, crystal-
lized erythritol. Due to the moderate erythritol solubility, crys-
tallization is the crucial operation to be developed during this
downstream stage (Fujii et al. 2015). Hence, it is advantageous
to start with a liquid fraction as pure as possible (Martinez et al.
2007; Eroma et al. 2010; Saran et al. 2015). For example, Saran
et al. reported a reduced erythritol recovery yield of 52.24% due
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to residual by-products present in the supersaturated solution
(Saran et al. 2015).

Secondary concentration

Similar to the primary concentration, the purpose of this step is
to evaporate part of the water in the solution. Morioka et al.
reached 48%wt. solid concentration using the same conditions
as for the primary concentration treatment: a quadruple-effect
shell and tube falling film evaporator at pressures and temper-
atures between 1.43 and 3.87 psi and 46 and 70°C, respective-
ly (Morioka et al. 2000). Toshihiro et al. assessed the influ-
ence of the erythritol concentration in the liquor before crys-
tallization on the mechanical properties of the final crystals.
Concentrations in the liquor higher than 67%wt produce
breakable, clump-forming and cake-forming crystals. To im-
prove the mechanical properties of the crystals, it is recom-
mended to reach concentrations between 40 and 55%wt of
erythritol in the stream obtained from the evaporation stage
(Toshihiro et al. 1993; Morioka et al. 2000).

Crystallization

Erythritol has a negative heat of crystallization of —108 kJ/kg.
The energy released demands thermal controlling to obtain a
stable, efficient crystallization process. At supersaturation
conditions, the solution passes through two phases: nucleation
and crystal growth. The nucleation phase is the formation of
erythritol clusters made of gathered molecules. Clusters are
transformed into a crystal nucleus after reaching a critical size.
The supersaturation level and temperature determine the crit-
ical size of the initial nuclei clusters. Once the critical size is
exceeded, the crystal growth stage starts. This stage occurs
simultaneously with the clustering process until the equilibri-
um between diluted and crystalline erythritol is reached
(Tyapkova et al. 2012). Tyapkova et al. assessed factors
influencing the crystallization of erythritol, for example the
effect of temperature over the saturation, the temperature of
saturated erythritol solutions, the time of the storage of satu-
rated erythritol solutions and the cooling rate. Slower cooling
rates promote the formation of larger, resistant and compact
crystals (average length 200400 pm) (Tyapkova et al. 2012).
Erythritol solubility increases as temperature increases.
Values of 33, 54 and 257 g of erythritol per 100 g of water
are obtained at 5°C, 20°C and 80°C, respectively (Tyapkova
et al. 2012). Typical process temperatures in the order of 70—
80°C ensure a high concentration of erythritol in the liquid
phase and increase the recovery of erythritol.

High content of impurities in the crystals increases the hy-
groscopicity, leading to unstable management and storage
(Morioka et al. 2000; Eroma et al. 2010). Morioka et al. ob-
tained erythritol crystals with 99.9% purity using a cooling
rate of 7.5 °C/h from 70 to 15 °C. For promoting the crystal
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growth stage, a crystal seed of 0.01%wt based on the erythritol
concentration was added at 42 °C (3 °C below the saturation
temperature) (Morioka et al. 2000).

Toshihiro et al. performed the crystallization of erythritol
from an initial temperature of 60 to 20 °C with a constant
cooling rate of 5°C/h. The formed crystals were washed with
water using half of the weight of the wet crystals. The residual
mother liquor contained 26.3%wt. of erythritol and a reduced
amount of acetoin as a by-product by order of 10.5 ppm
(Toshihiro et al. 1993).

Alternative technologies to conventional crystallization have
been developed and patented within the last 10 years using aids
to ensure high uniformity in particle size and fluidity which
reduces energy consumption during concentration stages (low-
er concentration requirements) and waste generation. This can
be reached by addition of alcohol (usually ethanol, propanol,
isopropanol or methanol) as an antisolvent leaching agent by up
to 75%. Antisolvents are used in crystallization processes to
reach saturation or supersaturation of solution in shorter times
and affects the nucleation and crystal growth processes (El Bazi
et al. 2017). The addition of the antisolvent to a 45-50% wt.
solid mother liquor was performed to control the particle size of
the crystals. The final particle size was adjusted by varying the
amount and particle size of the seed. Crystals with 40-80 mesh
were obtained after adding 1-3 %wt. seed (170200 mesh of
particle size). Finer 30—60-mesh crystals were obtained by
adding a lower amount, namely 0.5-1.5 %wt. of the seed
(120—150 mesh of particle size) (Jiang et al. 2013). The authors
claimed a reduction in the total crystallization time to less than a
third of the conventional crystallization using ethanol as aid
compared to without aid and still obtaining 80% recovery and
99.5% crystal purity (Jiang et al. 2013).

The approach proposed by Zhang et al. (2017) consists of a
continuous oscillating flow film crystallization arrangement
developed in two steps. The first step was performed in a
hollow membrane module where the mother liquor is fed at
40-80 °C to the tube side. The water was removed by passing
through the membrane to the shell side, which increases the
saturation level of the mother liquor leaving the membrane.
However, due to concentration differences and crystal depo-
sition on the membrane surface, concentration polarization
and gel polarization phenomena can occur, which affect the
flux through the membrane and the overall efficiency. To
overcome this drawback, an oscillation of 1-10 Hz of frequen-
cy and 1-5 cm of amplitude is applied while the distribution of
this oscillation is ensured by baffles (rod along, circular
installed at intervals) installed in an axial direction to the flow.
The supersaturated mother liquor was sent to a fluidized crys-
tallizer with internal recirculation while the crystals formed
are removed from the bottom of the crystallizer. This approach
yielded uniform crystals without seeding.

Zhang et al. (2018) patented a continuous process for
erythritol crystallization using a membrane crystallization

module. This module was composed of a hollow tubular
membrane module capable of performing preferential
pervaporation of antisolvent (ethanol, propanol or isopropanol
25-40 °Gay-Lussac) (Wang et al. 2017a). The experimental
setting sent the diluted mother liquor (3045 % wt.) to the tube
side of the hollow membrane. Besides, the antisolvent was
sent to the shell side, with a recommended antisolvent-to-
solvent flow ratio of 0.5-5 times ethanolic eluent addition to
the mother liquor. This promotes local high supersaturation
phenomena a large and uniform average particle size for the
erythritol crystals. Then, the erythritol crystals leave the hol-
low tubular membrane module as a slurry to be separated from
the liquid fraction. The liquid fraction is submitted to evapo-
ration, recovering the antisolvent and recycling the mother
liquor to the system.

Crystal separation

After the formation of the crystals, the next step consists of
their separation from the liquid solution. Centrifugal force can
be applied for the separation of erythritol crystals from the
saturated mother liquor. It needs to be considered that lower
centrifugal forces implicate large amounts of remaining moth-
er liquor in the crystals, whereas high centrifugal forces can
fracture the crystals (Jiang et al. 2013; Wang et al. 2016).
Morioka et al. suggested values around 100 to 300 g to sepa-
rate the crystals avoiding fractures (Morioka et al. 2000).
Further, Wang et al. emphasized in the importance of washing
using a vibrating fluidized bed to protect the crystal shape and
size particle. After centrifugal separation, removing the excess
of the mother liquor, which remains around the crystals, is
necessary. This separation can be performed by spray-
washing the crystals with cold water (10-20°C) in a preferred
ratio of 0.2-0.5 (%wt.) to avoid erythritol losses due to dilu-
tion effects (Morioka et al. 2000).

Drying

After having the washed crystals, the final step is the removal of
the water present on the surface of the crystalline structures.
Erythritol can be dried as common sugars, using technologies
such as a rotary drum dryer (co-current and counter-current air-
flow) (Maeda et al. 1995) or a fluidized bed dryer (Morioka et al.
2000). Because of the large solid-gas contact surface and the
mixing degree, the mass transfer rates are favoured by using
fluidized bed dryers (Touil 2017). The main parameters to be
considered by this technology are the gas temperature, pressure,
flow and particle size (Ambrosio and Taranto 2002; Touil 2017).

Conclusions from the section

A downstream approach for erythritol production must offer
an arrangement of the unit operations that is capable of
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removing biomass, other macromolecules, salts, odour- and
colour-causing compounds and by-products to obtain high
recovery yields and purity.

De Troostembergh et al. patented a downstream approach
for a cultivation using Moniliella tomentosa pollinis TCV364.
They claimed that it is free of extensive refining processes and
gives erythritol crystals with 98-99% w/w purity. The ap-
proach consists of biomass removal by filtration, followed
by vacuum evaporation obtaining solids concentration higher
than 80%, a cooling crystallization and centrifugal washing
that leads to a total erythritol recovery of 85% (de
Troostembergh et al. 2002). However, their recovery yields
are limited by the generation of by-products during the culture
stage (i.e. polysaccharides and ethanol). Several other research
groups have proposed different downstream configurations
based on size, affinity and volatility separation principles.
According to reports in literature and as outlined above, they
included membrane separation, evaporation, decolourization,
ion resin exchange, preparative chromatography, crystalliza-
tion and sieving technologies (Toshihiro et al. 1993; Morioka
et al. 2000; Sasman et al. 2007; Rakicka et al. 2016; Li et al.
2020; Zhao et al. 2020).

Figure 2 presents a scheme, which shows in the authors’
opinion the optimal downstream configuration considering
the results of the available studies that analysed the different
unit operations.

The Ist stage needs to remove biomass and macromole-
cules (e.g. enzymes or polysaccharides) by centrifugation, ul-
trafiltration and nanofiltration to avoid any interferences by
deposition or unwanted interaction in subsequent operation
units.

The 2nd stage should comprise decolouration, desalting
ion exchange and primary evaporation. The decolouration
process was introduced as the first unit operation of because
an early removal of impurities avoids any unpleasant colour or
odour in the final crystals. A multilayer column (diatoma-
ceous earth, activated carbon, cardboard filter) suggested by
Wang et al. (2016) is considered as most suitable to improve
the effectiveness of this operation. The desalting ion exchange
is a mature technology used in erythritol production to remove

| Downstream section

salts and other ionizable molecules from culture broths.
However, considering the demand for regenerant chemicals
and the waste produced during regeneration processes (7
times the resin volume (Purolite 2021)), this method should
be improved or substituted in order to close loops and move
towards a circular economy process. Finally, the primary
evaporation removes residual volatile compounds and im-
proves the subsequent chromatographic separation.

The 3rd stage comprises liquid preparative chromatogra-
phy and secondary evaporation. It was identified as the critical
unit operation in the whole erythritol downstream process due
to the influence of the preliminary stages on its performance,
and its influence on the subsequent secondary concentration
and crystallization stage. The selection of the eluent, chro-
matographic resin and column characteristics (diameter to
height ratio, BV), the operational conditions (pH, temperature
and flow) and the overload (feed of solution to be treated) are
key parameters to be defined during the setting up process. An
appropriated overload level (defined as the %BV fed to the
column) must be defined to balance the separation efficiency
and the demand of energy required in the secondary concen-
tration stage.

The 4th stage comprises crystallization, crystal separation
and drying. The most suitable crystallization option is the
antisolvent-aided membrane crystallization. This method en-
ables reduced energy requirements for the secondary concen-
tration. Further, the possibility for recovery and recirculation
of the antisolvent-aid avoids waste and is a step towards meet-
ing eco-efficiency criteria.

Opportunities for the production of erythritol
in a circular economy context

The circular economy is recognized by the European Union
(EU) as an “irreversible, global megatrend” (Friant et al. 2020)
based on the idea of the transformation of the industrial pro-
duction to a sustainable, low-carbon and resource-efficient
one. This transformation requires the transition and design
of sustainable industrial processes with close-loop and no-

Steam Steam

Cell and insolubles removal stage Recovery stage

cu-01 UF-01 NF-01
Inoculum—|

Culture media—{

BT-01
Culture stage

ACC-01 IEC-01

Purification stage

Concentration stage

cc-01 ACC-02

Removed

water

Biomass Insolubles
Insolubles

Insolubles

Fig. 2 Proposed downstream configuration. BT-01 bioreactor, CU-01
centrifuge, UF-01 ultrafiltration unit, NF-01 nanofiltration unit, ACC-
01 activated charcoal column, IEC-01 ion exchange column, EV-01
evaporation unit, CC-01 chromatographic column, ACC-02 activated
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waste generation beginning from the selection of the feedstock
to the conceptualization of the downstream section (Awasthi
etal. 2020; De Angelis 2020). The nature of the substrate used
for erythritol production is a key for the sustainable nature of
the process. It is necessary to understand the current limita-
tions and challenges raised by renewable feedstocks as
discussed in this review and to identify other potential feed-
stocks to overcome the current use of glucose and glycerol. In
addition to the overall goal to decrease the residues produced
within the process, it is certainly also essential to identify
possible re-uses of any residual streams. Besides, this section
presents alternatives for the minimization of the waste pro-
duced through the valorization of the residual mother liquor,
the recovery of nutrients in the culture broth and the utilization
of the biomass.

Challenges raised by the use of alternative feedstocks

Residual biomass is considered one of the fundamental guaran-
tees of the restoration cycle in a circular economy (Sherwood
2020). Agro-industrial residues as lignocellulosic, agricultural
residues and dairy residues are characterized by their high avail-
ability and advantageous composition. These residues are a
potential source of hexoses, pentoses, glycerol, starch, oligo-
mers and lactose (Cizeikiene et al. 2018; Serna-Loaiza et al.
2019; Louasté and Eloutassi 2020; Omwene et al. 2020).
According to the European Joint Research Centre, the re-
sidual biomass represents approximately 442 Mt or 46% of
the total agricultural biomass produced in the EU (Camia et al.
2018). The use of these raw materials demands a pretreatment
of the substrates during the upstreaming to make them suitable
for the production of erythritol. In the case of lignocellulosic
biomass, it is necessary to overcome the recalcitrance of the
raw material (Daza Serna et al. 2016) and to enhance the sugar
recovery (Weinwurm et al. 2012) while minimizing the pro-
duction of inhibitory compounds such as furfural and
5-(hydroxymethyl)furfural during pretreatment (Weinwurm
et al. 2017). Detoxification for removal of inhibitory com-
pounds can be performed by membrane separation,
overliming, electrocoagulation or adsorption (Zhou et al.
2013; Haq et al. 2018; Wang et al. 2018; Jeong et al. 2019).
The dairy industry and its derivates contribute approxi-
mately 14% to the overall EU agricultural income. The main
residue of the dairy industry is whey milk. According to the
European Whey Processors Association (EWPA) 4,150,000
tonnes/dry matter of whey milk was produced in 2018
(Carvalho et al. 2013; Hausjell et al. 2019; European Dairy
Association 2020). Whey milk is a source of lactose (75-80%
dry-wt.), minerals (9—10% dry-wt.; including calcium, sodi-
um, phosphorus, magnesium, potassium, iron, cupper and
manganese; (Sebastian-Nicolas et al. 2020)) and proteins (8—
11% dry-wt.; including (3-lactoglobulin, x-lactoalbumin, bo-
vine serum albumin, immunoglobulins, proteose peptones and

minor proteins; Duke and Vasiljevic 2016). The main chal-
lenge for the utilization of whey milk in an erythritol
manufacturing process is the elimination of the microbiolog-
ical risk contamination. This can be achieved by technologies
such as autoclaving, bactofugation, pasteurization and
microfiltration with different consequences for sugar and pro-
tein content (Faccia et al. 2013; Hausjell et al. 2019; Wen-
qiong et al. 2019).

Usage of residual mother liquor

The residual mother liquor is a viscous and generally coloured
residue from the crystallization stage containing up to 40%wt.
of erythritol (Xie et al. 2016). Morioka et al. used this stream
as eluent in chromatography separation (Morioka et al. 2000).
Wang et al. proposed an approach consisting of the prelimi-
nary characterization of by-products in the residual mother
liquor (by HPLC, TLC and GC-MS analytics), followed by
the screening for a strain able to consume the residual polyols
in the mother liquor except erythritol (Wang et al. 2017b).
Thus, the yeast Candida maltose SJTU82 was found to con-
sume glycerol, ribitol, arabitol, mannitol and residual glucose
were in a fed-batch culture. The purified fraction was submit-
ted to ultra- and nanofiltration, decolouration, ion exchange,
concentration and crystallization. In this way, it was possible
to recover 1 ton of pure erythritol from 5.5 ton of waste mother
liquor (Wang et al. 2017b). Through such a valorization ap-
proach of the mother liquor, this stream from the concentra-
tion stage can be connected to the purification stage to be
reprocessed together improving the overall recovery of
erythritol.

Recovery of nutrients

Emerging membrane-based technologies as forward osmosis,
membrane distillation and electrodialysis (ED) have been
studied for nutrient recovery in wastewater treatment (Xie
et al. 2016) and biotechnological processes (Cheryan and
Parekh 1995; Shen et al. 2005; Prochaska et al. 2014;
Phanthumchinda et al. 2018). With ED, two different types
of fractions are obtained: a diluted or deionized fraction with a
low, close-to-zero concentration of ions and a second fraction
with a high concentration of ions. These ions can be collected
as a mixture of ions by using a conventional cationic and
anionic membrane configuration (Shen et al. 2006) or as two
fractions (base and acid fractions) by using a bipolar mem-
brane configuration (Habova et al. 2004). The main operation-
al ED conditions include the type of membrane, the flow rate
of diluted and concentrated fractions and the voltage or current
level (Kresnowati et al. 2019).

ED was used for purification of products and recovery of
nutrients from cultivation broths. Habova et al. reported lactic
acid purification by using two stages ED separation. The first
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ED stage was implemented to concentrate the lactate in solu-
tion; the second ED stage using a bipolar membrane was used
to recover the lactic acid from the concentrated solution
(Habova et al. 2004). The culture broth was pretreated by
ultrafiltration, decolorization and removal of multivalent ions
(Ca*?, Mg*?, Fe*?, Zn™) to avoid deposition, fixation of or-
ganic material and damage on the membrane surface. The
concentrated fraction from the first ED stage increased the
concentration level of lactate 4 times compared to the initial.
Finally, the second bipolar ED stage allowed to recover 85—
98% of the total lactic acid (Habova et al. 2004). Studies from
Cheryan and Parekh as well as Kresnowati and co-workers
evaluated the utilization of ED in the separation of glycerol,
lactic acid and succinic acid (Cheryan and Parekh 1995) or
xylitol (Kresnowati et al. 2019) from a culture broth.

ED might be considered as an alternative for desalination
and recovery of nutrients in the recovery stage of the erythritol
production. However, further research is needed to determine
the concentrations and effect of multivalent ions on the mem-
brane as well as the feasibility of the reutilization of the recov-
ered nutrients.

Biomass utilization

The physicochemical composition is the key factor for the valo-
rization of the biomass growth during the production of
erythritol. Several studies have considered the potential of
Y. lipolytica in multiple applications including the utilization as
an oleaginous platform for obtaining different fatty acids that can
be used in biodiesel production (Patel et al. 2016; Howlader et al.
2018). Besides, in 2019, the European Food Safety Authority
(EFSA) recognized Y. lipolytica as a dietary supplement targeted
to a general population from 3 years of age onwards (Turck et al.
2019). Other applications for this yeast include its use as a cell
protein source for animal feeding (Bialas et al. 2016).

Author contribution L.D.-S., A.R.M-A and A.F. designed the content of
the review. L.D.-S. performed literature research and drafted the manu-
script. S.S.-L., AM., RLM, A RM.-A. and A F. edited the manuscript.
All the authors read and approved the manuscript.

Funding Open access funding provided by TU Wien (TUW). The finan-
cial support by the Austrian Federal Ministry for Digital and Economic
Affairs, the National Foundation for Research, Technology and
Development and the Christian Doppler Research Association and
Conzil Estate GmbH is gratefully acknowledged. Further support was
provided by the TU Wien doctoral college “Bioactive”.

Code availability Not applicable.

Declarations

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

@ Springer

Competing interests The authors declare no competing interests.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahuja K, Rawat A (2020) Erythritol market size by form (powder, gran-
ular), by application (beverage, bakery, confectionery & dairy prod-
ucts, personal care, pharmaceutical), regional outlook, application
potential, price trends, competitive market share & forecast, 2020 —
2026. Delaware, USA. Report ID: GMI4591. https://www.
gminsights.com/industry-analysis/erythritol-market

Ambrosio MCB, Taranto OP (2002) The drying of solids in a modified
fluidized bed. Braz J Chem Eng 19:355-358. https://doi.org/10.
1590/S0104-66322002000300010

Awasthi MK, Sarsaiya S, Patel A, Juneja A, Singh RP, Yan B, Awasthi
SK, Jain A, Liu T, Duan Y, Pandey A, Zhang Z, Taherzadeh MJ
(2020) Refining biomass residues for sustainable energy and bio-
products: An assessment of technology, its importance, and strategic
applications in circular bio-economy. Renew Sust Energ Rev 127:
109876. https://doi.org/10.1016/j.rser.2020.109876

BeMiller JN (2018) Carbohydrate and noncarbohydrate sweeteners. In:
Ball M (ed) Carbohydrate chemistry for food scientists, 3rd edn.
Elsevier Inc., ACC International, Duxford, pp 371-399

Bialas W, Czerniak A, Dobrowoska A, Wojciechowska J, Grajek W
(2016) Controlling microbial growth n in innovative dietary supple-
ment based on the biomass of yeast Yarrowia lipolytica. ] Microbiol
Biotechnol Food Sci 5:389-395. https://doi.org/10.15414/jmbfs.
2016.5.5.389-395

Bimpizas-Pinis M, Bozhinovska E, Genovese A, Lowe B, Pansera M,
Alberich JP, Ramezankhani MJ (2021) Is efficiency enough for
circular economy? Resour Conserv Recycl 167:105399. https://
doi.org/10.1016/j.resconrec.2021.105399

Blomsma F, Tennant M (2020) Circular economy: preserving materials
or products? Introducing the Resource States framework. Resour
Conserv Recycl 156:104698. https://doi.org/10.1016/j.resconrec.
2020.104698

Boesten DMPHJ, den Hartog GJM, de Cock P, Bosscher D, Bonnema A,
Bast A (2015) Health effects of erythritol. Nutrafoods 14:3-9.
https://doi.org/10.1007/s13749-014-0067-5

Cainelli G, D’Amato A, Mazzanti M (2020) Resource efficient eco-
innovations for a circular economy: Evidence from EU firms. Res
Policy 49:103827. https://doi.org/10.1016/j.respol.2019.103827

Camia A, Robert N, Jonsson R, Pilli R, Garcia-Condado S, Lopez-
Lozano R, van der Velde M, Ronzon T, Gurria P, M’Barek R,
Tamosiunas S, Fiore G, Araujo R, Hoepffner N, Marelli L,
Giuntoli J (2018) Biomass production, supply, uses and flows in
the European Union. First results from an integrated assessment.
Joint Research Centre, Ispra

Cardona-Alzate CA, Serna-Loaiza S, Ortiz-Sanchez M (2020)
Sustainable biorefineries: what was learned from the design,


http://creativecommons.org/licenses/by/4.0/
https://www.gminsights.com/industry-analysis/erythritol-market
https://www.gminsights.com/industry-analysis/erythritol-market
https://doi.org/10.1590/S0104-66322002000300010
https://doi.org/10.1590/S0104-66322002000300010
https://doi.org/10.1016/j.rser.2020.109876
https://doi.org/10.1016/j.resconrec.2021.105399
https://doi.org/10.1016/j.resconrec.2021.105399
https://doi.org/10.1016/j.resconrec.2020.104698
https://doi.org/10.1016/j.resconrec.2020.104698
https://doi.org/10.1007/s13749-014-0067-5
https://doi.org/10.1016/j.respol.2019.103827

Appl Microbiol Biotechnol (2021) 105:4467-4486

4483

analysis and implementation. J Sustain Dev Energy Water Environ
Syst 8:88—117. https://doi.org/10.13044/j.sdewes.d7.0268

Carvalho F, Prazeres AR, Rivas J (2013) Cheese whey wastewater: char-
acterization and treatment. Sci Total Environ 445-446:385-396.
https://doi.org/10.1016/j.scitotenv.2012.12.038

Chandrasekara NPGN, Pashley RM (2015) Study of a new process for
the efficient regeneration of ion exchange resins. Desalination 357:
131-1309. https://doi.org/10.1016/j.desal.2014.11.024

Cheryan M, Parekh SR (1995) Separation of glycerol and organic acids in
model ethanol stillage by electrodialysis and precipitation. Process
Biochem 30:17-23. https://doi.org/10.1016/0032-9592(95)87003-2

Cizeikiene D, Juodeikiene G, Damasius J (2018) Use of wheat straw
biomass in production of L-lactic acid applying biocatalysis and
combined lactic acid bacteria strains belonging to the genus
Lactobacillus. Biocatal Agric Biotechnol 15:185-191. https://doi.
org/10.1016/j.bcab.2018.06.015

Daza Serna LV, Orrego Alzate CE, Cardona Alzate CA (2016)
Supercritical fluids as a green technology for the pretreatment of
lignocellulosic biomass. Bioresour Technol 199:113—-120. https://
doi.org/10.1016/j.biortech.2015.09.078

De Angelis R (2020) Circular economy and paradox theory: a business
model perspective. J Clean Prod 124823:124823. https://doi.org/10.
1016/j.jclepro.2020.124823

de Troostembergh J, Debonne I, Obyn W (2002) Process for producing
and recovering erythritol from culture medium containing the same.
7. Patent US6440712B12. https://patentimages.storage.googleapis.
com/35/21/db/e972f4aeccdd98/US6440712.pdf

Duke M, Vasiljevic T (2016) Whey processing: overview and role of
membranes. In: Driolli E, Giorno L (eds) Encyclopedia of
Membranes, 1st edn. Springer-Verlag, Berlin Heidelberg, Beling,
pp 2021-2014

Ekpeni LEN, Nkem-Ekpeni FF, Benyounis KY, Aboderheeba AKM,
Stokes J, Olabi AG (2014) Yeast: A potential biomass substrate
for the production of cleaner energy (Biogas). Energy Procedia 61:
1718-1731. https://doi.org/10.1016/j.egypro.2014.12.199

El Bazi W, Porte C, Mabille I, Havet JL (2017) Antisolvent crystalliza-
tion: effect of ethanol on batch crystallization of « glycine. J Cryst
Growth 475:232-238. https://doi.org/10.1016/j.jerysgro.2017.06.
021

Eroma O, Nygren L, Sorensen P, Sarkki M, Gros H (2010) Crystallization
of polyol compositions, crystalline polyol composition product and
use thereof. 2. Patent US 7838055B2. https://patentimages.storage.
googleapis.com/e3/49/47/55baaf421292a8/US8192775.pdf

European Dairy Association (2020) Economic report 2019/2020

European Union (2015) Communication from the Commision to the
European Parliament, the Council, the European Economic and
Social Committee and the Committee of the Regions. Closing the
Loop- An EU Action PLan for the Circular Economy

Faccia M, Mastromatteo M, Conte A, Del Nobile M (2013) Influence of
the milk bactofugation and natural whey culture on the microbio-
logical and physico-chemical characteristics of mozzarella cheese. J
Food Process Technol 4:218. https://doi.org/10.4172/2157-7110.
1000218

Fayet A, Teixeira ARS, Allais F, Bouix M, Lameloise ML (2018)
Detoxification of highly acidic hemicellulosic hydrolysate from
wheat straw by diananofiltration with a focus on phenolic com-
pounds. J Membr Sci 566:112—121. https://doi.org/10.1016/].
memsci.2018.08.045

Feitosa V, Marques D, Jozala A, Pereira J, Santos-Ebinuma V (2018)
Recent biotechnological advances in food additives. In: Osman A
(ed) Recent advances in biotechnology. Progress in Food
Biotechnology, vol 4, 1st edn. Bentham Science Publishers,
Sharjah, pp 221-276

Friant MC, Vermeulen WJV, Salomone R (2020) Analysing European
Union circular economy policies : words versus actions. Sustain

Prod Consum 27:337-353. https://doi.org/10.1016/j.spc.2020.11.
001

Fujii K, Izutsu KI, Kume M, Yoshino T, Yoshihashi Y, Sugano K, Terada
K (2015) Physical characterization of meso-erythritol as a crystalline
bulking agent for freeze-dried formulations. Chem Pharm Bull 63:
311-317. https://doi.org/10.1248/cpb.c14-00692

Ghezelbash GR, Nahvi I, Malekpour A (2014) Erythritol production with
minimum by-product using Candida magnoliae mutant. Appl
Biochem Microbiol 50:292-296. https://doi.org/10.1134/
S000368381403003X

Guo J, LiJ, Chen Y, Guo X, Xiao D (2016) Improving erythritol produc-
tion of Aureobasidium pullulans from xylose by mutagenesis and
medium optimization. Appl Biochem Biotechnol 180:717-727.
https://doi.org/10.1007/512010-016-2127-3

Habova V, Melzoch K, Rychtera M, Sekavova B (2004) Electrodialysis
as a useful technique for lactic acid separation from a model solution
and a fermentation broth. Desalination 162:361-372. https://doi.org/
10.1016/S0011-9164(04)00070-0

Haddad P, Jackson P (1990) Ion exclusion chromatography. In: Haddad
P, Jackson P (eds) Ion Chromatography. Principles and applications,
Ist Ed. Elsevier Science B.V., Amsterdam, pp 195-222

Hao HX, Hou BH, Wang JK, Zhang MJ (2005) Solubility of erythritol in
different solvents. ] Chem Eng Data 50:1454—1456. https://doi.org/
10.1021/je0501033

Haq I, Arshad Y, Nawaz A, Aftab M, Rehman A, Mukhtar H, Mansoor Z,
Syed Q (2018) Removal of phenolic compounds through overliming
for enhanced saccharification of wheat straw. J Chem Technol
Biotechnol 93:3011-3017. https://doi.org/10.1002/jctb.5659

Hausjell J, Miltner M, Herzig C, Limbeck A, Saracevic Z, Saracevic E,
Weissensteiner J, Molitor C, Halbwirth H, Spadiut O (2019)
Valorisation of cheese whey as substrate and inducer for recombi-
nant protein production in E. coli HMS174(DE3). Bioresour
Technol Rep 8:100340. https://doi.org/10.1016/j.biteb.2019.100340

Hernandez-Pérez AF, Machado F, De Souza QS, Vaz De Arruda P,
Chandel AK, Das Gragas MDA (2019) Biotechnological production
of sweeteners. Biotechnol Prod Bioact Compd:261-292

Hijosa-Valsero M, Garita-Cambronero J, Paniagua-Garcia Al, Diez-
Antolinez R (2021) By-products of sugar factories and wineries as
feedstocks for erythritol generation. Food Bioprod Process 6:345—
355. https://doi.org/10.1016/j.tbp.2021.02.001

Howlader MS, Rai N, Todd French W (2018) Improving the lipid recov-
ery from wet oleaginous microorganisms using different pretreat-
ment techniques. Bioresour Technol 267:743—755. https://doi.org/
10.1016/j.biortech.2018.07.092

Janek T, Dobrowolski A, Biegalska A, Mironczuk AM (2017)
Characterization of erythrose reductase from Yarrowia lipolytica
and its influence on erythritol synthesis. Microb Cell Factories 16:
1-13. https://doi.org/10.1186/s12934-017-0733-6

Jeong H, Lee J, Ju YM, Lee SM (2019) Using electro-coagulation treat-
ment to remove phenolic compounds and furan derivatives in hy-
drolysates resulting from pilot-scale supercritical water hydrolysis of
Mongolian oak. Renew Energy 138:971-979. https://doi.org/10.
1016/j.renene.2019.01.115

JeyaM, Lee KM, Tiwari MK, Kim JS, Gunasekaran P, Kim SY, Kim IW,
Lee JK (2009) Isolation of a novel high erythritol-producing
Pseudozyma tsukubaensis and scale-up of erythritol fermentation
to industrial level. Appl Microbiol Biotechnol 83:225-231. https://
doi.org/10.1007/s00253-009-1871-5

Jiang W, Liu B, Wang H, Zhang C (2013) Solvent-out crystallization
method of erythritol. Patent CN102992957B. https://patentimages.
storage.googleapis.com/el/e7/d8/01099981e89d6b/
CN102992957B.pdf

Jovanovi¢ B, Mach RL, Mach-Aigner AR (2014) Erythritol production
on wheat straw using Trichoderma reesei. AMB Express 4:1-12.
https://doi.org/10.1186/513568-014-0034-y

@ Springer


https://doi.org/10.13044/j.sdewes.d7.0268
https://doi.org/10.1016/j.scitotenv.2012.12.038
https://doi.org/10.1016/j.desal.2014.11.024
https://doi.org/10.1016/0032-9592(95)87003-2
https://doi.org/10.1016/j.bcab.2018.06.015
https://doi.org/10.1016/j.bcab.2018.06.015
https://doi.org/10.1016/j.biortech.2015.09.078
https://doi.org/10.1016/j.biortech.2015.09.078
https://doi.org/10.1016/j.jclepro.2020.124823
https://doi.org/10.1016/j.jclepro.2020.124823
https://patentimages.storage.googleapis.com/35/21/db/e972f4aeccdd98/US6440712.pdf
https://patentimages.storage.googleapis.com/35/21/db/e972f4aeccdd98/US6440712.pdf
https://doi.org/10.1016/j.egypro.2014.12.199
https://doi.org/10.1016/j.jcrysgro.2017.06.021
https://doi.org/10.1016/j.jcrysgro.2017.06.021
https://patentimages.storage.googleapis.com/e3/49/47/55baaf421292a8/US8192775.pdf
https://patentimages.storage.googleapis.com/e3/49/47/55baaf421292a8/US8192775.pdf
https://doi.org/10.4172/2157-7110.1000218
https://doi.org/10.4172/2157-7110.1000218
https://doi.org/10.1016/j.memsci.2018.08.045
https://doi.org/10.1016/j.memsci.2018.08.045
https://doi.org/10.1016/j.spc.2020.11.001
https://doi.org/10.1016/j.spc.2020.11.001
https://doi.org/10.1248/cpb.c14-00692
https://doi.org/10.1134/S000368381403003X
https://doi.org/10.1134/S000368381403003X
https://doi.org/10.1007/s12010-016-2127-3
https://doi.org/10.1016/S0011-9164(04)00070-0
https://doi.org/10.1016/S0011-9164(04)00070-0
https://doi.org/10.1021/je0501033
https://doi.org/10.1021/je0501033
https://doi.org/10.1002/jctb.5659
https://doi.org/10.1016/j.biteb.2019.100340
https://doi.org/10.1016/j.fbp.2021.02.001
https://doi.org/10.1016/j.biortech.2018.07.092
https://doi.org/10.1016/j.biortech.2018.07.092
https://doi.org/10.1186/s12934-017-0733-6
https://doi.org/10.1016/j.renene.2019.01.115
https://doi.org/10.1016/j.renene.2019.01.115
https://doi.org/10.1007/s00253-009-1871-5
https://doi.org/10.1007/s00253-009-1871-5
https://patentimages.storage.googleapis.com/e1/e7/d8/01099981e89d6b/CN102992957B.pdf
https://patentimages.storage.googleapis.com/e1/e7/d8/01099981e89d6b/CN102992957B.pdf
https://patentimages.storage.googleapis.com/e1/e7/d8/01099981e89d6b/CN102992957B.pdf
https://doi.org/10.1186/s13568-014-0034-y

4484

Appl Microbiol Biotechnol (2021) 105:4467-4486

Kang P, Li L, Yan L, Ju X, Hu C, Yao X (2019) Enhancement of
erythritol production in Trichosporonoides oedocephalis by regulat-
ing cellular morphology with betaine. Chem Pap 73:2065-2072.
https://doi.org/10.1007/s11696-019-00766-1

Kasumi T (1995) Fermentative production of polyols and utilization for
food and other products in Japan. Japan Agric Res Q 29:49-55

Kim S, Lee K, Kim J, Oh D (1997) Erythritol production by controlling
osmotic pressure in 7rigonopsis variabilis. Biotechnol Lett 19:727—
729. https://doi.org/10.1023/A:1018371722456

Kobayashi Y, Iwata H, Mizushima D, Ogihara J, Kasumi T (2015)
Erythritol production by Moniliella megachiliensis using nonrefined
glycerol waste as carbon source. Lett Appl Microbiol 60:475-480.
https://doi.org/10.1111/lam.12391

Koh ES, Lee TH, Lee DY, Kim HJ, Ryu YW, Seo JH (2003) Scale-up of
erythritol production by an osmophilic mutant of Candida
magnoliae. Biotechnol Lett 25:2103-2105. https://doi.org/10.
1023/B:BILE.0000007076.64338.ce

Kresnowati MTAP, Desiriani R, Wenten IG (2017) Ultrafiltration of
hemicellulose hydrolysate fermentation broth. AIP Conf Proc
1818:020024(1-7). https://doi.org/10.1063/1.4976888

Kresnowati MTAP, Regina D, Bella C, Wardani AK, Wenten IG (2019)
Combined ultrafiltration and electrodeionization techniques for mi-
crobial xylitol purification. Food Bioprod Process 114:245-252.
https://doi.org/10.1016/j.fbp.2019.01.005

Kumar V, Sandhu PP, Ahluwalia V, Mishra BB, Yadav SK (2019)
Improved upstream processing for detoxification and recovery of
xylitol produced from corncob. Bioresour Technol 291:121931.
https://doi.org/10.1016/j.biortech.2019.121931

Labuza T, Reineccius G, O’Brien J, Baynes J (eds) (1998) Maillard re-
actions in chemistry, food and health, 1st Ed. Woodhead Publishing,
Minnesota

Lacki KM, Joseph J, Eriksson KO (2018) Downstream process design,
scale-up principles, and process modeling. In: Biopharmaceutical
Processing: Development, Design, and Implementation of
Manufacturing Processes. Elsevier, pp 637-674. https://doi.org/10.
1016/B978-0-08-100623-8.00032-3

Lee JK, Ha SJ, Kim SY, Oh DK (2000) Increased erythritol production in
Torula sp. by Mn2+ and Cu2+. Biotechnol Lett 22:983-986. https://
doi.org/10.1023/A:1005672801826

LiL, GuL, JuX, HuC, FuJ, Cheng H, Kang P (2017) Osmotic pressure
regulation using KCI for enhanced erythritol production using
Trichosporonoides oedocephalis ATCC 16958. Food Sci Technol
Res 23:793-800. https:/doi.org/10.3136/fstr.23.793

Li K, Luan Q, Jia H, Xiong X, Zhang L, Li Q, Gao L, Han W (2020)
High-yield preparation method of erythritol. Patent CN110903165
(A). https://worldwide.espacenet.com/patent/search?q=pn%
3DCN110903165A

Liu J, Qi H, Xu Z (2010) Separation of diols from a mixture comprising
diols and polyols. 1:1-5. Patent US20100317902A1. https://
patentimages.storage.googleapis.com/c5/b2/3a/beb9fac46787b1/
US20100317902A1.pdf

Liu X, Yu X, Xia J, Lv J, Xu J, Dai B, Xu X, Xu J (2017) Erythritol
production by Yarrowia lipolytica from okara pretreated with the in-
house enzyme pools of fungi. Bioresour Technol 244:1089—-1095.
https://doi.org/10.1016/j.biortech.2017.08.014

Liu X, Yan Y, Zhao P, Song J, Yu X, Wang Z, Xia J, Wang X (2019) Oil
crop wastes as substrate candidates for enhancing erythritol produc-
tion by modified Yarrowia lipolytica via one-step solid state fermen-
tation. Bioresour Technol 294:122194. https://doi.org/10.1016/j.
biortech.2019.122194

Liu X, Wang Z, Yan Y, Yu X, Zhao P, Wang X, Hu L, Xu J, Xu J (2020)
Novel strategy of incorporating biochar in solid-state fermentation
for enhancing erythritol production by forming “microzones”.
Bioresour Technol 306:123141. https://doi.org/10.1016/j.biortech.
2020.123141

@ Springer

Louast¢ B, Eloutassi N (2020) Succinic acid production from whey and
lactose by Actinobacillus succinogenes 130Z in batch fermentation.
Biotechnol Reports 27:23-27. https://doi.org/10.1016/.btre.2020.
€00481

Maeda T, Hiroyuki H, Nobuo H, Yahei T, Gaku K (1995) A process for
producing erythritol. 99:1-11. Patent EP0327342B1. https://
patentimages.storage.googleapis.com/41/47/7¢/4c96dbee2dfc6t/
EP0327342B1.pdf

Martau GA, Coman V, Vodnar DC (2020) Recent advances in the bio-
technological production of erythritol and mannitol. Crit Rev
Biotechnol 40:608-622. https://doi.org/10.1080/07388551.2020.
1751057

Martinez EA, de Almeida e Silva JB, Giulietti M, AIN S (2007)
Downstream process for xylitol produced from fermented hydroly-
sate. Enzym Microb Technol 40:1193-1198. https://doi.org/10.
1016/j.enzmictec.2006.09.003

Martinez EA, Canettieri EV, Bispo JAC, Giulietti M, De Almeida e Silva
JB, Converti A (2015) Strategies for xylitol purification and crystal-
lization: a review. Sep Sci Technol 50:2087-2098. https://doi.org/
10.1080/01496395.2015.1009115

Mironczuk AM, Furgata J, Rakicka M, Rymowicz W (2014) Enhanced
production of erythritol by Yarrowia lipolytica on glycerol in repeat-
ed batch cultures. J Ind Microbiol Biotechnol 41:57—64. https://doi.
0rg/10.1007/s10295-013-1380-5

Mironczuk AM, Rakicka M, Biegalska A, Rymowicz W, Dobrowolski A
(2015) A two-stage fermentation process of erythritol production by
yeast Y. lipolytica from molasses and glycerol. Bioresour Technol
198:445-455. https://doi.org/10.1016/j.biortech.2015.09.008

Misra S, Gupta P, Raghuwanshi S, Dutt K, Saxena RK (2011)
Comparative study on different strategies involved for xylitol puri-
fication from culture media fermented by Candida tropicalis. Sep
Purif Technol 78:266-273. https://doi.org/10.1016/j.seppur.2011.
02.018

Morioka S, Abe T, Maeda T, Taki A, Sawada K, Ishitsuka H (2000)
Process for producing high-purity erythritol crystal. 1-19. Patent
US6030820. https://patentimages.storage.googleapis.com/d4/dd/ae/
d36ee9769b60e9/US6030820.pdf

Omwene PI, Yagcioglu M, Ocal Sarihan ZB, Karagunduz A, Keskinler B
(2020) Recovery of succinic acid from whey fermentation broth by
reactive extraction coupled with multistage processes. J Environ
Chem Eng 8:104216. https://doi.org/10.1016/j.jece.2020.104216

Paananen H, Kuisma J, Ravanko V, Mayra N, Heikkila H, Lewandowsi J
(2002) A multistep process for recovering betaine, erythritol, inosi-
tol, sucrose, mannitol, glycerol and aminoacids from a process so-
lution using weakly acid cation exchange resin. 1-27. Patent
EP1328664A1. https://patents.google.com/patent/EP1328664A1/
en

Patel A, Arora N, Sartaj K, Pruthi V, Pruthi PA (2016) Sustainable bio-
diesel production from oleaginous yeasts utilizing hydrolysates of
various non-edible lignocellulosic biomasses. Renew Sust Energ
Rev 62:836-855. https://doi.org/10.1016/j.rser.2016.05.014

Patrignani F, Parrotta L, Del Duca S, Vannini L, Camprini L, Dalla Rosa
M, Schliiter O, Lanciotti R (2020) Potential of Yarrowia lipolytica
and Debaryomyces hansenii strains to produce high quality food
ingredients based on cricket powder. Lwt 119:108866. https://doi.
org/10.1016/j.1wt.2019.108866

Phanthumchinda N, Thitiprasert S, Tanasupawat S, Assabumrungrat S,
Thongchul N (2018) Process and cost modeling of lactic acid recov-
ery from fermentation broths by membrane-based process. Process
Biochem 68:205-213. https://doi.org/10.1016/j.procbio.2018.02.
013

Poletto P, Da Rocha RD, Baldasso C, Zeni M, Da Silveira MM (2015)
Activated charcoal and microfiltration as pretreatment before ultra-
filtration of pectinases produced by Aspergillus niger in solid-state
cultivation. Sep Purif Technol 151:102—107. https://doi.org/10.
1016/j.seppur.2015.07.029


https://doi.org/10.1007/s11696-019-00766-1
https://doi.org/10.1023/A:1018371722456
https://doi.org/10.1111/lam.12391
https://doi.org/10.1023/B:BILE.0000007076.64338.ce
https://doi.org/10.1023/B:BILE.0000007076.64338.ce
https://doi.org/10.1063/1.4976888
https://doi.org/10.1016/j.fbp.2019.01.005
https://doi.org/10.1016/j.biortech.2019.121931
https://doi.org/10.1016/B978-0-08-100623-8.00032-3
https://doi.org/10.1016/B978-0-08-100623-8.00032-3
https://doi.org/10.1023/A:1005672801826
https://doi.org/10.1023/A:1005672801826
https://doi.org/10.3136/fstr.23.793
https://worldwide.espacenet.com/patent/search?q=pn%3DCN110903165A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN110903165A
https://patentimages.storage.googleapis.com/c5/b2/3a/beb9fae46787b1/US20100317902A1.pdf
https://patentimages.storage.googleapis.com/c5/b2/3a/beb9fae46787b1/US20100317902A1.pdf
https://patentimages.storage.googleapis.com/c5/b2/3a/beb9fae46787b1/US20100317902A1.pdf
https://doi.org/10.1016/j.biortech.2017.08.014
https://doi.org/10.1016/j.biortech.2019.122194
https://doi.org/10.1016/j.biortech.2019.122194
https://doi.org/10.1016/j.biortech.2020.123141
https://doi.org/10.1016/j.biortech.2020.123141
https://doi.org/10.1016/j.btre.2020.e00481
https://doi.org/10.1016/j.btre.2020.e00481
https://patentimages.storage.googleapis.com/4f/47/7c/4c96dbce2dfc6f/EP0327342B1.pdf
https://patentimages.storage.googleapis.com/4f/47/7c/4c96dbce2dfc6f/EP0327342B1.pdf
https://patentimages.storage.googleapis.com/4f/47/7c/4c96dbce2dfc6f/EP0327342B1.pdf
https://doi.org/10.1080/07388551.2020.1751057
https://doi.org/10.1080/07388551.2020.1751057
https://doi.org/10.1016/j.enzmictec.2006.09.003
https://doi.org/10.1016/j.enzmictec.2006.09.003
https://doi.org/10.1080/01496395.2015.1009115
https://doi.org/10.1080/01496395.2015.1009115
https://doi.org/10.1007/s10295-013-1380-5
https://doi.org/10.1007/s10295-013-1380-5
https://doi.org/10.1016/j.biortech.2015.09.008
https://doi.org/10.1016/j.seppur.2011.02.018
https://doi.org/10.1016/j.seppur.2011.02.018
https://patentimages.storage.googleapis.com/d4/dd/ae/d36ee9769b60e9/US6030820.pdf
https://patentimages.storage.googleapis.com/d4/dd/ae/d36ee9769b60e9/US6030820.pdf
https://doi.org/10.1016/j.jece.2020.104216
https://patents.google.com/patent/EP1328664A1/en
https://patents.google.com/patent/EP1328664A1/en
https://doi.org/10.1016/j.rser.2016.05.014
https://doi.org/10.1016/j.lwt.2019.108866
https://doi.org/10.1016/j.lwt.2019.108866
https://doi.org/10.1016/j.procbio.2018.02.013
https://doi.org/10.1016/j.procbio.2018.02.013
https://doi.org/10.1016/j.seppur.2015.07.029
https://doi.org/10.1016/j.seppur.2015.07.029

Appl Microbiol Biotechnol (2021) 105:4467-4486

4485

Prochaska K, Staszak K, Wozniak-Budych MJ, Regel-Rosocka M,
Adamczak M, Wisniewski M, Staniewski J (2014) Nanofiltration,
bipolar electrodialysis and reactive extraction hybrid system for sep-
aration of fumaric acid from fermentation broth. Bioresour Technol
167:219-225. https://doi.org/10.1016/j.biortech.2014.06.010

Purolite (2021) The basics of resin regeneration. In: What is Regen.
https://www.purolite.com/about-us/what-is-regeneration. Accessed
3 Mar 2021

Rakicka M, Rukowicz B, Rywinska A, Lazar Z, Rymowicz W (2016)
Technology of efficient continuous erythritol production from glyc-
erol. J Clean Prod 139:905-913. https://doi.org/10.1016/j.jclepro.
2016.08.126

Rakicka M, Rywinska A, Lazar Z, Rymowicz W (2017) Two-stage con-
tinuous culture — technology boosting erythritol production. J Clean
Prod 168:420—427. https://doi.org/10.1016/j.jclepro.2017.09.060

Rakicka-Pustutka M, Mironczuk AM, Celinska E, Biatas W, Rymowicz
W (2020) Scale-up of the erythritol production technology — process
simulation and techno-economic analysis. J Clean Prod 257:
120533. https://doi.org/10.1016/j.jclepro.2020.120533

Regnat K, Mach RL, Mach-Aigner AR (2018) Erythritol as sweetener—
wherefrom and whereto? Appl Microbiol Biotechnol 102:587-595.
https://doi.org/10.1007/s00253-017-8654-1

Rukowicz B, Polaszek K, Alejski K (2020) Separation of erythritol from
fermentation broth using preparative chromatography. In:
Ochowiak M, Mitkowski P, Woziwodzki S, Doligalski M (eds)
Practical Aspects of Chemical Engineering. Selected contributions
from PAIC 2019, Ist edn. Springer Nature, Cham, pp 392400

Ryu YW, Park CY, Park JB, Kim SY, Seo JH (2000) Optimization of
erythritol production by Candida magnoliae in fed-batch culture. J
Ind Microbiol Biotechnol 25:100-103. https://doi.org/10.1038/s;.
jim.7000039

Rzechonek DA, Dobrowolski A, Rymowicz W, Mironczuk AM (2018)
Recent advances in biological production of erythritol. Crit Rev
Biotechnol 38:620-633. https://doi.org/10.1080/07388551.2017.
1380598

Saran S, Mukherjee S, Dalal J, Saxena RK (2015) High production of
erythritol from Candida sorbosivorans SSE-24 and its inhibitory
effect on biofilm formation of Streptococcus mutans. Bioresour
Technol 198:31-38. https://doi.org/10.1016/j.biortech.2015.08.146

Sasman T, Alan W, Cameron C (2007) Process for producing erythritol.
4. Patent US20070037266A1. https://patentimages.storage.
googleapis.com/7d/67/b3/f04aa866ac49cf/US20070037266A1.pdf

Savergave LS, Gadre RV, Vaidya BK, Narayanan K (2011) Strain im-
provement and statistical media optimization for enhanced erythritol
production with minimal by-products from Candida magnoliae mu-
tant R23. Biochem Eng J 55:92—100. https://doi.org/10.1016/j.be;j.
2011.03.009

Sebastian-Nicolas JL, Gonzalez-Olivares LG, Vazquez-Rodriguez GA,
Lucho-Constatino CA, Castaneda-Ovando A, Cruz-Guerrero AE
(2020) Valorization of whey using a biorefinery. Biofuels Bioprod
Biorefin 14:1010-1027. https://doi.org/10.1002/bbb.2100

Serna-Loaiza S, Miltner A, Miltner M, Friedl A (2019) A Review on the
feedstocks for the sustainable production of bioactive compounds in
biorefineries. Sustainability 11. https://doi.org/10.3390/sul1236765

Shen J, Duan J, Liu Y, Yu L, Xing X (2005) Demineralization of gluta-
mine fermentation broth by electrodialysis. Desalination 172:129—
135. https://doi.org/10.1016/j.desal.2004.05.010

Shen JY, Duan JR, Yu LX, Xing XH, Xu P (2006) Desalination of
glutamine fermentation broth by electrodialysis. Process Biochem
41:716-720. https://doi.org/10.1016/j.procbio.2005.08.001

Sherwood J (2020) The significance of biomass in a circular economy.
Bioresour Technol 300:122755. https://doi.org/10.1016/j.biortech.
2020.122755

Tomaszewska L, Rymowicz W, Rywinska A (2014) Mineral supplemen-
tation increases erythrose reductase activity in erythritol

biosynthesis from glycerol by Yarrowia lipolytica. Appl Biochem
Biotechnol 172:3069-3078. https://doi.org/10.1007/s12010-014-
0745-1

Toop TA, Ward S, Oldfield T, Hull M, Kirby ME, Theodorou MK
(2017) AgroCycle - developing a circular economy in agricul-
ture. Energy Procedia 123:76-80. https://doi.org/10.1016/j.
egypro.2017.07.269

Toshihiro M, Makoto S, Yoshikazu O, Tetsuo Y, Kouji F (1993) Process
for preparing erythritol crystals. Eur Pat Off 05:1-13

Touil A (2017) Experimental design approach for optimization of sucrose
fluid bed drying process conditions. Glob J Pharm Pharm Sci 4.
https://doi.org/10.19080/gjpps.2017.04.555628

Turck D, Castenmiller J, de Henauw S, Hirsch-Ernst K, Kearney J,
Maciuk A, Mangelsdorf I, McArdle HJ, Naska A, Pelaez C,
Pentieva K, Siani A, Thies F, Tsabouri S, Vinceti M, Cubadda F,
Engel K, Frenzel T, Heinonen M, Marchelli R, Neuhduser-Berthold
M, Péting A, Poulsen M, Sanz Y, Schlatter JR, van Loveren H,
Ackerl R, Knutsen HK (2019) Safety of Yarrowia lipolytica yeast
biomass as a novel food pursuant to regulation (EU) 2015/2283.
EFSA J 17:05594. https://doi.org/10.2903/j.efsa.2019.5594

Tyapkova O, Bader-Mittermaier S, Schweiggert-Weisz U (2012) Factors
influencing crystallization of erythritol in aqueous solutions: a pre-
liminary study. J Food Res 1:207. https://doi.org/10.5539/jfr.
v1n4p207

Wang T, Wang R, Wang J (2016) Preparation method of odorless
erythritol. Patent CN105861570A. https://worldwide.espacenet.
com/patent/search?q=pn%3DCN105861570A

Wang H, Zhang C, Wu X (2017a) Erythritol continuous solventing-out
membrane crystallization method. Patent CN106831337A. https://
worldwide.espacenet.com/patent/search?q=pn%
3DCN106831337A

Wang S, Wang H, Lv J, Deng Z, Cheng H (2017b) Highly efficient
erythritol recovery from waste erythritol mother liquor by a yeast-
mediated biorefinery process. J Agric Food Chem 65:11020-11028.
https://doi.org/10.1021/acs.jafc. 7604112

Wang T, Meng Y, Qin Y, Feng W, Wang C (2018) Removal of furfural
and HMF from monosaccharides by nanofiltration and reverse os-
mosis membranes. J Energy Inst 91:473—480. https://doi.org/10.
1016/j.joei.2017.01.005

Waters Chromatography Division of Millipore (1987) Preparative liquid
chromatography. In: Journal of Chromatography Library, 1st edn.
Elsevier, Milford

Wei J, Yuan Q, Wang T, Wang L (2010) Purification and crystallization
of xylitol from fermentation broth of corncob hydrolysates. Front
Chem Eng China 4:57-64. https://doi.org/10.1007/s11705-009-
0295-1

Weinwurm F, Cunha J, Friedl A (2012) Pretreatment of wheat straw by
liquid hot water and organosolv processes. Chem Eng Trans 29:
541-546. https://doi.org/10.3303/CET1229091

Weinwurm F, Turk T, Denner J, Whitmore K, Friedl A (2017) Combined
liquid hot water and ethanol organosolv treatment of wheat straw for
extraction and reaction modeling. J Clean Prod 165:1473-1484.
https://doi.org/10.1016/j.jclepro.2017.06.215

Wen-qiong W, Yun-chao W, Xiao-feng Z, Rui-xia G, Mao-lin L (2019)
Whey protein membrane processing methods and membrane foul-
ing mechanism analysis. Food Chem 289:468—481. https://doi.org/
10.1016/j.foodchem.2019.03.086

Xie M, Shon HK, Gray SR, Elimelech M (2016) Membrane-based pro-
cesses for wastewater nutrient recovery: Technology, challenges,
and future direction. Water Res 89:210-221. https://doi.org/10.
1016/j.watres.2015.11.045

Yang LB, Dai XM, Zheng ZY, Zhu L, Zhan XB, Lin CC (2015)
Proteomic analysis of erythritol-producing Yarrowia lipolytica from
glycerol in response to osmotic pressure. J Microbiol Biotechnol 25:
1056-1069. https://doi.org/10.4014/jmb.1412.12026

@ Springer


https://doi.org/10.1016/j.biortech.2014.06.010
https://www.purolite.com/about-us/what-is-regeneration
https://doi.org/10.1016/j.jclepro.2016.08.126
https://doi.org/10.1016/j.jclepro.2016.08.126
https://doi.org/10.1016/j.jclepro.2017.09.060
https://doi.org/10.1016/j.jclepro.2020.120533
https://doi.org/10.1007/s00253-017-8654-1
https://doi.org/10.1038/sj.jim.7000039
https://doi.org/10.1038/sj.jim.7000039
https://doi.org/10.1080/07388551.2017.1380598
https://doi.org/10.1080/07388551.2017.1380598
https://doi.org/10.1016/j.biortech.2015.08.146
https://patentimages.storage.googleapis.com/7d/67/b3/f04aa866ac49cf/US20070037266A1.pdf
https://patentimages.storage.googleapis.com/7d/67/b3/f04aa866ac49cf/US20070037266A1.pdf
https://doi.org/10.1016/j.bej.2011.03.009
https://doi.org/10.1016/j.bej.2011.03.009
https://doi.org/10.1002/bbb.2100
https://doi.org/10.3390/su11236765
https://doi.org/10.1016/j.desal.2004.05.010
https://doi.org/10.1016/j.procbio.2005.08.001
https://doi.org/10.1016/j.biortech.2020.122755
https://doi.org/10.1016/j.biortech.2020.122755
https://doi.org/10.1007/s12010-014-0745-1
https://doi.org/10.1007/s12010-014-0745-1
https://doi.org/10.1016/j.egypro.2017.07.269
https://doi.org/10.1016/j.egypro.2017.07.269
https://doi.org/10.19080/gjpps.2017.04.555628
https://doi.org/10.2903/j.efsa.2019.5594
https://doi.org/10.5539/jfr.v1n4p207
https://doi.org/10.5539/jfr.v1n4p207
https://worldwide.espacenet.com/patent/search?q=pn%3DCN105861570A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN105861570A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN106831337A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN106831337A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN106831337A
https://doi.org/10.1021/acs.jafc.7b04112
https://doi.org/10.1016/j.joei.2017.01.005
https://doi.org/10.1016/j.joei.2017.01.005
https://doi.org/10.1007/s11705-009-0295-1
https://doi.org/10.1007/s11705-009-0295-1
https://doi.org/10.3303/CET1229091
https://doi.org/10.1016/j.jclepro.2017.06.215
https://doi.org/10.1016/j.foodchem.2019.03.086
https://doi.org/10.1016/j.foodchem.2019.03.086
https://doi.org/10.1016/j.watres.2015.11.045
https://doi.org/10.1016/j.watres.2015.11.045
https://doi.org/10.4014/jmb.1412.12026

4486

Appl Microbiol Biotechnol (2021) 105:4467-4486

Zhang C, Liu Z, Wang H (2017) Continuous oscillatory flow membrane
crystallization method of erythritol. Patent CN106946656A. https://
worldwide.espacenet.com/patent/search?q=pn%
3DCN106946656A

Zhang C, Li X, Wang H (2018) Erythritol dissolves in succession and
analyses membrane crystallization device. Patent CN207294640U.
https://worldwide.espacenet.com/patent/search?q=pn%
3DCN207294640U

Zhao X, Zhang J, Liu L, Tian Y, Liu J, Han Y, Han M (2020) Process
method for producing erythritol from co-produced wheat starch in
wheat gluten production. Patent CN111454996A. https://

@ Springer

worldwide.espacenet.com/patent/search?q=pn%
3DCN111454996A

Zhou F, Wang C, Wei J (2013) Simultaneous acetic acid separation and
monosaccharide concentration by reverse osmosis. Bioresour
Technol 131:349-356. https://doi.org/10.1016/j.biortech.2012.12.
145

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://worldwide.espacenet.com/patent/search?q=pn%3DCN106946656A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN106946656A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN106946656A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN207294640U
https://worldwide.espacenet.com/patent/search?q=pn%3DCN207294640U
https://worldwide.espacenet.com/patent/search?q=pn%3DCN111454996A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN111454996A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN111454996A
https://doi.org/10.1016/j.biortech.2012.12.145
https://doi.org/10.1016/j.biortech.2012.12.145

	From the culture broth to the erythritol crystals: an opportunity for circular economy
	Abstract
	Abstract
	Abstract
	Introduction
	Factors associated with the cultivation stage
	Carbon source
	Composition of the cultivation medium
	Cultivation conditions
	Conclusions from the section
	Downstream processes for the biotechnological production of erythritol
	Cell removal stage
	Recovery stage
	Ultra- and nanofiltration
	Ion exchange for desalting
	Primary concentration

	Purification stage
	Preparative chromatography
	Decolouration

	Concentration stage
	Secondary concentration
	Crystallization
	Crystal separation
	Drying

	Conclusions from the section


	This link is 10.15414/jmbfs.2016.5.5.389-,",
	Opportunities for the production of erythritol in a circular economy context
	Challenges raised by the use of alternative feedstocks
	Usage of residual mother liquor
	Recovery of nutrients
	Biomass utilization

	References


