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Eco-efficient recovery of non-volatile products
from fermentation broth: aliphatic diols
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Anton A. Kiss®?"

Abstract

Fermentation can be used to obtain a wide variety of valuable high-boiling components. Among these components,
microorganisms can produce aliphatic diols (e.g. propanediols, butanediols, etc.) in significant concentrations (e.g. 5-15 wt.
%). Nonetheless, the high boiling points of these components, presence of microorganisms, and formation of by-products com-
plicate recovery after fermentation. Hence, this perspective offers valuable insights into downstream processing options.
A novel methodology was developed for recovering high-boiling components from dilute aqueous solutions, whereby both
light and heavy impurities are present. The main steps in the proposed methodology are heat pump-assisted preconcentration
and final purification in a dividing-wall column. These steps allow effective separation of high-purity product from water, light
and heavy impurities. Furthermore, processes for recovery of 1,3-propanediol, 2,3-, 1,4- and 1,3-butanediol, designed accord-
ing to the proposed methodology, were compared. Downstream processing performance is mainly determined by the product
concentration in the fermentation broth, but is also influenced by the amount of impurities in the broth.

© 2025 The Author(s). Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Soci-
ety of Chemical Industry (SCI).
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INTRODUCTION increase capital costs due to new equipment units, without
bringing major benefits.

Lastly, microorganisms, residual substrate, biopolymers, and
inorganics are present in the fermentation broth that is sent to
product recovery. To allow biomass recycling, these microorgan-
isms should preferably be separated from the broth without
harming their viability.

Considering the above-mentioned challenges, several steps are
required to obtain a high-purity final product, separate microor-
ganisms, and possibly recover some of the by-products. Conse-
quently, the costs of downstream processing may be a
significant contributor to the total production costs. Improving
downstream operations is expected to enhance overall process
performance by reducing these costs, while application of
process intensification principles presents opportunities to
improve energy efficiency. In this context, we propose a method-
ology for recovering high-boiling products from dilute aqueous

Aliphatic diols are typical examples of valuable chemicals that
can be produced in significant amounts by fermentation.
Fermentative production of these chemicals has several
drawbacks that complicate downstream processing. The first
challenge for the downstream processing is product concen-
tration in the fermentation broth. Even though these diols are
less hydrophobic than mono-alcohols, hence less inhibiting,
concentrations achieved in the fermentation broths are mod-
est (< 15 wt.%). Therefore, the feed stream to the recovery pro-
cess is highly diluted. Consequently, large equipment units are
required to achieve sufficient production capacity for an indus-
trially relevant scale.

Secondly, these diols are high-boiling components (see Table 1),
with a boiling point of way over 100 °C (the boiling point of water
at atmospheric pressure).! Thus, they cannot be simply removed
from the broth by evaporation. On the contrary, evaporating large
amounts of water can be very energy-intensive, if poorly
designed, possibly resulting in high operating costs.

An additional challenge for the recovery process is the common
presence of by-products (e.g. different carboxylic acids, ethanol,
etc.).?® Depending on concentrations of these by-products, it
may be worth valorizing them. Valorizing by-products could a Department of Biotechnology, Delft University of Technology, Delft, The
improve downstream processing performance by reducing spe- Netherlands

cific costs and energy requirements. However, recovering by- b Department of Chemical Engineering, Delft University of Technology, Delft,
products that are present in very small amounts may significantly The Netherlands
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Table 1. Boiling points (at 1 bar) of the diols commonly produced
by the fermentation

Component Boiling point (°C)
2,3-butanediol (2,3-BDO) 180.7
1,3-butanediol (1,3-BDO) 207.5
1,3-propanediol (1,3-PDO) 214.2
1,4-butanediol (1,4-BDO) 228.0

solutions containing both light and heavy impurities. This per-
spective offers valuable insights into the recovery of aliphatic
diols from the fermentation broth, with an emphasis on the puri-
fication of desalted and clarified aqueous solution.

DOWNSTREAM PROCESSING OF DIOLS
AFTER FERMENTATION

Performance of the downstream processing in the fermentative
production of diols has been analyzed using 1,3-propanediol
(PDO), 2,3-, 1,4- and 1,3-butanediols (BDOs) as representative
examples. These chemicals were chosen as their production by
fermentation has recently attracted much attention. Among
others, companies such as DuPont>’ LanzaTech, BioPrincipia,®'°
Genomatica and Novamont''"'? are actively developing fermen-
tative production of these valuable chemicals. To the best of our
knowledge, fermentative production of various other diols
(e.g., ethylene glycol, 1,2-propanediol, pentanediols)'* has been
a topic of research but remains in early stages of development.
Consequently, these were not included in the present study.

Due to the complexity of the fermentation broth, several steps
are often needed in the recovery process.'> Since both light and
heavy impurities are present, PDO/BDO is the middle-boiling
product in the fermentation broth. Hence, it would be very
energy-intensive to use simple distillation as an in-situ product
recovery technique. Furthermore, the high boiling point of
PDO/BDO would require usage of extreme vacuum conditions
to ensure that temperatures would not harm microbial viability.
For these reasons, initial separation steps, such as filtration and
ion exchange, are typically employed to remove biomass
and majority of large organic and inorganic molecules. These
operations are well-established in industrial fermentation pro-
cesses and are therefore not the focus of this work. Instead, the
emphasis is placed on advancing the subsequent stages of the
recovery process, which are often the most energy-intensive.

A result of these initial separation steps is a desalted and clari-
fied aqueous stream containing PDO/BDO product and some
by-products. Thus, additional preconcentration and final purifica-
tion steps are required to separate water, light and heavy impuri-
ties and recover a high-purity final product. Distillation plays a
major role as the main recovery technique in these steps. It is
a mature separation technique, commonly used on an industrial
scale. It does not require the usage of any additional chemicals
that would complicate the downstream processing and influence
the environmental impact of the process. Moreover, since none of
the considered diols forms an azeotrope with water, there is no
need for more complex techniques such as extractive or azeotro-
pic distillation. Nonetheless, the preconcentration step may be
very energy-intensive due to large amounts of water that need
to be removed. The final purification step is complex due to
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common presence of both lowerand higher-boiling impurities.
Hence, advanced distillation techniques are needed to ensure
the energy efficiency of the overall bioprocess. In that respect,
we propose a methodology for recovering high-boiling products
from dilute aqueous solutions containing both light and heavy
impurities. This methodology is further applied to the preconcen-
tration and final purification steps in the PDO/BDO recovery after
fermentation. Furthermore, it may facilitate the development of
industrial-scale fermentative processes by indicating the costs
of the recovery process. These data should be coupled with rele-
vant data from the upstream process to obtain a full picture of
the bioprocess performance.

However, it should be noted that in case a high-boiling product
is present in very small concentrations in the fermentation broth
(e.g. achievable concentration of 2-phenylethanol in the fermen-
tation broth is <0.3 wt.%), distillation would have to be coupled
with some other technique for in-situ product recovery
(e.g. liquid-liquid extraction, product adsorption, etc.). In this case,
distillation would be used in the final purification to separate the
valuable product from the used solvent. Thus, a slightly different
approach would be needed. This is not covered by the presented
methodology, which focuses on the recovery of high-boiling
products from a dilute aqueous solution.

METHODOLOGY FOR THE RECOVERY OF
NON-VOLATILE PRODUCTS FROM

AQUEOUS SOLUTION

The proposed methodology for the recovery of high-boiling prod-
ucts from a dilute aqueous solution is pictured in Fig. 1.

Initially, most of the water, with some light impurities
(e.g. ethanol if present), should be removed from the rest of the
mixture containing valuable high-boiling products. Separating
water at this stage would significantly reduce equipment size
and energy requirements in the final purification part of the pro-
cess. We propose a multi-stage preconcentration step in adistilla-
tion column in which most light components are removed
without losing the main product.'®'” Even though possible, not
all water and light impurities should be separated in this step. This
would limit implementation of heat pump systems, as it would
result in a large temperature difference between top and the bot-
tom of the preconcentration column. Alternatively, with the
proper choice of operating parameters, it is possible to separate
most of the water, with some light impurities, while keeping the
top and bottom column temperature sufficiently close for imple-
menting heat pumps. Mechanical vapor recompression (MVR) is
a state-of-the-art industrial heat pump system that can be applied
when separating close-boiling components. It implies compres-
sing vapor from top of the column and using it instead of an exter-
nal heating utility to evaporate the bottom liquid in a reboiler.'®
Hence, electrical energy required to power the compressor can
replace much higher thermal energy that would be needed to
heat the reboiler. Furthermore, implementation of the MVR sys-
tem allows complete (green) electrification of the preconcentra-
tion step. If needed, reduced pressure can be applied to this
column to avoid the formation of high temperatures. An aqueous
stream separated as the top product from the preconcentration
column can be reused in the fermentation (if high purity) or sent
to the wastewater treatment (if impurities are present). The bot-
tom stream from this column contains PDO/BDO products with
some water and remaining light and heavy impurities. This stream
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needs to be sent to the final purification to obtain a high-purity
product.

The final purification part of the recovery process consists of two
steps. Initially, the remaining water and light impurities should be
separated as a top product from the distillation column. Secondly,
the main product must be separated (as a top product) from the
remaining heavy impurities (that are obtained as a bottom prod-
uct). Thus, a sequence of two distillation columns is required for
this separation. Alternatively, these two columns can be merged
into one dividing-wall column (DWC). This equipment unit may
reduce operating costs by improving the energy efficiency of
the separation. Additionally, it also reduces capital costs by merg-
ing two column shells into one, decreasing the number of needed
heat exchangers and reducing the required area.'® Nonetheless,
DWC may not always be the best option, and it should be com-
pared to the sequence of distillation columns for a specific
composition of the fermentation broth.?® A reduced pressure
operation is likely to be needed for the final purification part of

the process due to the high boiling temperatures of these diols
(see Table 1). Depending on the amounts of light or heavy impu-
rities, it may be worth valorising some of them. Otherwise, these
streams should be sent to the waste treatment or burned for
energy, and appropriate costs must be accounted for.

After designing the preconcentration step, enhanced by the
MVR system, and the final purification step, additional heat inte-
gration opportunities should be considered to further minimize
energy requirements. Finally, once the final process flowsheet is
developed, economic and sustainability analysis should be per-
formed to evaluate the impact of the developed process.

To the best of our knowledge, the proposed methodology dif-
fers significantly from the published studies on the purification
of diols after fermentation. So far, a simple sequence of distillation
columns has been proposed to remove present water and purify
PDO from light and heavy impurities.??> On the contrary, more
research has been done on the recovery of BDOs (mainly
2,3-BDO). However, a multistage preconcentration step in which
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Are there impurities in the
water stream?

(and light by-products)

Water Separation of water with some light
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difference too large for heat

impurities (if present) |
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Figure 1. Proposed methodology for purification of high-boiling products from aqueous. *As previously shown for the valorization of by-products in

1,3-PDO fermentation.
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most of the water and light components are removed without
losing valuable product has not been proposed. Some studies
considered an evaporation step in a flash unit before the final
purification.>?® In this step, smaller amounts of impurities were
removed while most of the light components were sent to the
final purification. As a result, the final step required larger equip-
ment units with higher thermal energy demands. Moreover, in
the final purification step, BDO was recovered as a side stream,
while water with light by-products was removed as the top prod-
uct, and heavy by-products were obtained at the bottom of the
column. Consequently, the temperature difference between
the top and the bottom of the column was too large, and the heat
pump system could only be used to preheat the feed stream, but
not to evaporate the bottom liquid. An alternative suggested
removing all light components in a flash evaporator unit before
the final distillation. The top vapor from the distillation column
could be compressed and used to partially heat the evaporator
unit.” However, one-stage separation caused BDO loss. Further-
more, the installed heat pump system could not supply sufficient
heat in the flash unit. On the contrary, we propose a multi-stage
preconcentration step in the heat pump-assisted distillation col-
umn C1 in which most light components are removed without
losing BDO product. Thus, the reboiler duty and equipment size
in the final purification step will be smaller due to significantly
reduced flowrate of the feed stream to this step. Additionally,
the MVR system in column C1 can completely cover the thermal
energy requirements of the preconcentration step. As this opera-
tion is very energy intensive, the implemented heat pump system
drastically reduces the energy requirements of the total down-
stream process.'®'”

EFFECTS OF DIOL PRODUCT ON
DOWNSTREAM PROCESSING
PERFORMANCE

A generic block flow diagram for the purification of high-
boiling products from the dilute fermentation broth was
derived (see Fig. 2) following the previously explained

Desalted solution

1 1. Initial separation
Wat I 1.a. Microfiltration (MF)
— =21, 1 b. Diafiltration (DF)

1 .
Water, | Llc Ultrafiltration (UF)
HCl, NaOH
——— > 1.d. lon exchange

I 2. Preconcentration
| 2.a. Distillation

-

|

|

|
1 1
| 1
1 1
1 1
1 1
1 1
| 2.b. Heat-pump |
| assisted distillation |
1 1
1 1
1 1
| |
1 1
1 1
1 1

methodology. A comparison between the downstream proces-
sing performance of different diols after fermentation is pre-
sented in Fig. 3.

As can be observed, smaller initial product concentration in
the fermentation broth results in higher costs, energy require-
ments and CO, emissions in the downstream process. This is
in line with common observations such as those previously
derived for the purification of volatile bioalcohols after fermen-
tation.?® However, it is noteworthy that the performance of the
1,4-BDO recovery process shows a slight deviation from the
trends observed in the recovery processes of 1,3-PDO,
2,3-BDO, and 1,3-BDO. Specifically, the costs, energy consump-
tion, and CO, emissions for 1,4-BDO recovery are lower than
those for 1,3-BDO recovery, despite slightly lower product con-
centration in the broth. This is primarily attributed to the
reduced presence of light and heavy impurities in the broth,
which simplifies the separation process and lowers utility costs.
Additionally, reduced wastewater treatment costs further con-
tribute to the overall decrease in purification expenses. In con-
clusion, both concentration of the main product and level of
impurities in the broth play crucial roles in determining the
efficiency of downstream processing. Among these factors,
the initial concentration of the main product has the greatest
impact on the recovery process. However, a significant impurity
load can significantly increase recovery costs by making
the separation process more complex and raising waste treat-
ment expenses. Nevertheless, if the fermentation broth
contains considerable amounts of by-products, valorising
these by-products could enhance the overall cost-effectiveness
of the process. For instance, valorising by-products in the
recovery of 1,3-PDO after fermentation reduced the total recov-
ery costs (per kilogram of all recovered products) by 9-25%."”

Given that all considered diols have similar properties
(e.g. composition in the fermentation broth, boiling points, etc.),
it may be expected that one process design can be effectively
used to purify all of them. This offers an interesting possibility of
having one process capable of producing different diols depend-
ing on the current market demand.

Water

|
1
13.a. Sequence of distillation 1
1 columns |
|

: 3. Final purification

1
1 1
1 |
1 1
1 1 Non-volatile product
: 3.b. Dividing-wall column :
| (DWC) \
1 |
1 1
1 1
1 |
1 1
1 1

MF/DF/UF retentate,
mineral waste

Product, impurities

Heavy impurities

Figure 2. Generic block flow diagram for the purification of non-volatile products from the dilute aqueous stream.
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Figure 3. Assumed initial compositions and determined performance of the downstream processing for recovery of different diols after fermentation
and initial separation: (a) wt.% of diol in the fermentation broth, (b) wt.% of impurities in the fermentation broth, (c) total annual purification costs
(d) primary energy requirements and (e) CO, emissions (1,3-PDO, 1,3-propanediol; 2,3-BDO, 2,3-butanediol, 1,4-BDO, butanediol; 1,3-BDO, butanediol).

CONCLUSION

This perspective offers an important overview of the downstream
processing performance in the recovery of non-volatile products
after fermentation. It proposes a novel methodology for recover-
ing high-boiling products from dilute aqueous streams in case
light and heavy impurities are present. To minimize energy
requirements, two steps are necessary in the downstream proces-
sing. Initially, most of the water with light impurities can be sepa-
rated in the preconcentration step in a heat pump-assisted
distillation column. Afterward, a valuable fermentation product
can be recovered from the remaining water, light, and heavy
impurities in the final purification in an integrated dividing-wall
column. A proper choice of operating parameters in the precon-
centration step should allow the implementation of the heat
pump system. This would drastically reduce overall energy
requirements, allow (green) electrification of the preconcentra-
tion step, and reduce equipment size in the final purification.
The developed methodology is applicable to the preconcen-
tration and final purification steps in the recovery of different

diols after fermentation. The higher concentrations of the diols
in the broth generally lead to more cost-effective and energy-
efficient downstream processing. Nonetheless, impurities in
the broth additionally influence the downstream processing
performance. Higher amounts of impurities complicate the
separation process and increase economic and environmental
costs.

Finally, similar downstream processing configuration that can
effectively recover 1,3-PDO, 2,3-, 1,4- and 1,3-BDO offers an inter-
esting opportunity to utilize a single process capable of producing
different diols based on the current market demand.
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