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Abstract: Starch production is mainly focused on feedstocks such as corn, wheat and potato in
the EU, whereas cassava, rice, and other feedstocks are utilised worldwide. In starch production,
a high amount of wastewater is generated, which accumulates from different process steps such
as washing, steeping, starch refining, saccharification and derivatisation. Valorisation of these
wastewaters can help to improve the environmental impact as well as the economics of starch
production. Anaerobic fermentation is a promising approach, and this review gives an overview of
the different utilisation concepts outlined in the literature and the state of the technology. Among
bioenergy recovery processes, biogas technology is widely applied at the industrial scale, whereas
biohydrogen production is used at the research stage. Starch wastewater can also be used for the
production of bulk chemicals such as acetone, ethanol, butanol or lactic acids by anaerobic microbes.

Keywords: starch wastewater; anaerobic digestion; biogas; biohydrogen; ABE fermentation;
lactic acid

1. Introduction

Starch is an industrial commodity produced for the food, packaging and pharmaceuti-
cal markets with a growing production volume of 150 million tonnes in 2020 and set to
surpass 165 million tonnes in 2026 [1]. In the EU the annual production volume stands at
11 million tonnes of starch and starch derivatives (which is an increase of approximately
3 million tonnes from 2004), extracted from around 25 million tonnes of raw materials. Of
this annual output, 9 million tonnes are utilised domestically, the majority of it being starch
sweeteners [2].

The main feedstocks in the EU production market are corn, wheat and potatoes; how-
ever, a wide range of feedstocks is applied worldwide: cassava, rice, rye, barley, oat, milo,
sweet potatoes and sago palms [3]. One of the challenges in industrial starch production is
the accumulation of large amounts of high strength wastewaters. Depending on feedstocks
and technologies, different kinds of wastewater can occur at different steps of the process:
(1) washing of the feedstocks (e.g., potatoes), (2) steeping of the feedstocks (corn), (3) starch
refinement (e.g., corn gluten water), (4) starch saccharification (e.g., glucose wastewater);
(5) modification of the starch [3–5]. Some of these processes are thermal (evaporation,
drying), where condensates accumulate. In general, starch production processes have
been optimised throughout the decades so that wastewaters are often re-used internally to
reduce their amounts. Anaerobic fermentation, especially of the wastewaters containing
higher COD concentrations, is of interest.

Anaerobic biotechnological processes such as biogas, biohydrogen, lactic acid and
acetone–butanol–ethanol (ABE) fermentations can be interesting approaches to utilise
starch wastewaters. It is often not necessary to provide sterile conditions, which reduces
costs and efforts decisively. The variety of the product range is attractive and can range
from energy carriers to bulk chemicals.
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In the scientific literature, an overview of the different anaerobic valorisation possi-
bilities of starch wastewater is lacking. Recent works mainly focus on only biohydrogen
production from starch wastewater [4]; others on only biogas production [3,6]. There are
also some papers on a combined production in a two-step process [7]. Other authors
give an overview of biohydrogen production from different wastewaters [8] but do not
focus on starch wastewaters. The wastewater treatment perspective is intrinsic in other
publications [5,9] and not the product range. However, from an industrial perspective,
it is of interest to give a comprehensive comparison of the existing different anaerobic
valorisation options for the different types of starch wastewater. This review aims at filling
this gap.

2. Biogas Production

The anaerobic digestion process for the treatment of starch wastewater is commonly
applied at an industrial scale. The main idea is to convert most of the carbon sources present
in the wastewater into biogas which can be used to replace fossil resources (e.g., natural
gas) in the starch production facility. The effluent of the anaerobic reactor is then treated in
an activated sludge process [9]. In the scientific literature, detailed aspects of the anaerobic
digestion of starch wastewater are discussed, which are described in the following.

2.1. Reactor Types

Examples of industrial-scale applications for the anaerobic digestion of starch wastew-
ater are described by Bischofsberger et al. [3]. Common approaches are UASB (upflow
anaerobic sludge blanket) as well as for increased kg COD m−3 d−1 rates, EGSB (expanded
granular sludge bed) reactors. The two systems differ in reactor design and influx rate.
Whereas UASB reactors are commonly built to be wider in diameter and rather shorter
in height, EGSB reactors are known for the opposite. As described in Speece [10], the
increased influx rate as well as the smaller diameter expand the granular sludge bed and
perform an increased fluidisation. Therefore, a higher contact rate between sludge and
wastewater is achieved compared to UASB reactors. Bischofsberger et al. [3] also describe
modified anaerobic filters which are applied in the starch industry. In these reactors, the
biomass is attached to a fixed/packed bed in the reactor. In the literature, other interesting
reactor types are described for starch wastewater treatment: anaerobic baffled reactor [11],
up-flow multistage anaerobic reactor [12] and anaerobic tapered fluidised bed reactor [13].
For small-scale starch production in Colombia, the flow filter with bamboo as a support
is described [14]. Finally, the anaerobic pond treatment of starch wastewater should also
be mentioned. Rajbhandari and Annachhatre describe such a case study in Thailand [15].
However, these ponds often operated uncovered, with the main focus on the treatment
of the wastewater. Consequently, biogas is directly released to the atmosphere and not
recovered for the process. Fortunately, there are approaches to cover such lagoons and
recover the methane produced [6].

2.2. Degradation Performance

Industrial-scale applications showed organic loading rates (OLR) of 15–20 kg COD m−3 d−1

in UASB reactors for potato starch wastewater. For corn starch wastewater, 25–30 kg
COD m−3 d−1 was achieved in ANAFLUX fluidised bed reactors, when referring to the
active volume of the reactor, and 15 kg COD m−3 d−1, when referring to the overall volume
of the reactor (including the settling zone). In anaerobic filter treatment of wheat starch
wastewater, an OLR of 7–10 kg COD m−3 d−1 could be achieved [3].

Table 1 shows the results from lab trials. OLR of 3–8 kg COD m−3 d−1 could be
applied in UASB/EGSB reactors without recirculation, and 25 kg COD m−3 d−1 in an
UASB reactor with recirculation [16–18]. Methane yields varied between 160 and 332 L
CH4 kg COD−1.
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Table 1. Methane yields and organic loading rates from different starch wastewaters in UASB/EGSB lab-scale reactors.

Feedstock Reactor OLR
(kg COD m−3 d−1)

Methane Yield
(L CH4 kg COD−1) Literature

Potato juice UASB 5.1 210 [16]

Potato juice EGSB 3.2 332 [16]

Synthetic starch wastewater UASB 4 325 [17]

Modified tapioca starch
wastewater UASB 7.5 160 [18]

Modified tapioca starch
wastewater

UASB (with
recirculation flow) 25 240 [18]

2.3. Pre-Acidification Step

At industrial scale, a pre-acidification step prior to UASB reactors is frequently applied.
However, in the literature, detailed evaluations of this step, which would improve the
process, are often not provided. With regard to starch wastewater, Wu et al. (2020)
demonstrated that a two-step UASB process showed a higher degradation performance,
as well as an improved process stability [19]. The latter was especially due to increased
granule quality: strength, settling capability, morphological features and quality of the
extracellular polymeric substances (EPS). Wu et al. (2021) described that the UASB granules
with a pre-acidification step are more robust with regard to changing substrate quality and
show superior stability in the microbial community structure [19]. All in all, the scientific
literature proposes the pre-acidification step as beneficial when treating starch wastewaters.

2.4. Granule Stability and Microbial Composition (UASB Reactor)

Lu et al. (2018) found that the relation of COD/SO4
2− had an effect on the granule

composition [17]. Suitable sulphate addition (COD/SO4
2− ≥ 2) enriched granular microe-

cosystems and stimulated the secretion of extracellular substances. This had the positive
effect of cell cohesion and sludge aggregation. The results also show that when decreasing
from high sulphate concentrations to moderate sulphate concentrations, the granule size
increased drastically. Generally, starch-fed granules tended to form flagella-like filaments
on the surface. The filaments were overwhelmed by hydrophilic biopolymers and showed
an affinity for biogas bubbles and water molecules. For this reason, granule flotation and
washout were increased.

Other researchers carried out qualitative and quantitative analysis of the bacterial and
archaeal population in the sludge [20]. They found out that Firmicutes and Chloroflexi
bacterial groups dominated the bottom and top section of their UASB, respectively, whereas
the middle section was dominated by Euryarchaeota (Methanosaeta). These findings provide
guidance for optimising UASB performance [21].

2.5. Modelling of the Degradation Process (UASB Reactor)

As anaerobic digestion is a complex process, increasing work is being carried out
to model the degradation of starch wastewater. This can help to predict the process
development and increase the stability. A neural network model was used to evaluate the
COD removal with pH, COD, NH4

+, VFA, OLR and biogas yield as input variables [22].
Results from the modelling show high forecast accuracy; only 13% of the variation in the
COD removal could not be explained. For the simulation of starch wastewater degradation,
the Anaerobic digestion model No. 1 (ADM1) was also used [23]. The model was adapted
for lactate formation and degradation and could then be successfully applied.

3. Biohydrogen Production

Hydrogen is currently hyped as a future renewable energy carrier. Current hydro-
gen on the market is mainly produced from fossil resources. However, it is possible to
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produce hydrogen from organic feedstocks by fermentation. In the case that biohydrogen
is produced from wastewater, anaerobic dark fermentation is typically applied. This fer-
mentation is part of the anaerobic digestion process, where methanogenesis is suppressed.
Biohydrogen production is still in its infancy and is not applied at the industrial scale. The
results of biohydrogen lab-scale experiments are shown in Table 2. Wang et al. worked
with two isolated strains and achieved 186.3 L H2 kg COD−1 with a mixture of corn
gluten water and corn steep liquor [4]. They demonstrated that these starch wastewaters
were excellent feedstocks for biohydrogen production. The hydrogen production rate of
165.89 mL L−1 h−1 was about 21 times higher than the reference using starch as a carbon
source and peptone as a nitrogen source. Khongkliang et al. achieved even higher yields
of 260 L H2 kg COD−1 when using wastewater from cassava processing in thermophilic
fermentation [7].

Table 2. Biohydrogen yields and productivity from different starch wastewaters and under varying experimental conditions.

Feedstock Details on Experiments Biohydrogen Yield
(L H2 kg COD−1)

Biohydrogen Productivity
(mL H2 L−1 d−1) Literature

Corn gluten water, corn
steep liquor Two isolated strains 186.3 3981 [4]

Cassava starch
processing wastewater Thermophilic fermentation 260 2163 [7]

Cassava starch
wastewater With base-treated bacteria 37.4 3348 [24]

Cassava starch
wastewater With acid-treated bacteria 22.6 914.4 [24]

Cassava starch
wastewater Co-digestion with buffalo dung 16.9 839 [25]

Synthetic cassava
starch wastewater

Two-stage process with additional
methane production 81.5 - [26]

Corn starch wastewater
Thermophilic hydrogen
fermentation (mixed culture) and
subsequent methanogenic step

141.9 3450 [27]

Comparably low hydrogen yields were obtained by Sinbuathong et al. [24]. They
worked with mixed-cultures and achieved hydrogen yields of 37.4 L H2 kg COD−1 with
base-treated bacteria and 22.6 L H2 kg COD−1 with acid-treated bacteria. Wadjeam et al.
achieved 16.9 L H2 kg COD−1 in starch wastewater co-digestion with buffalo dung [25].

In the literature, combined hydrogen and methane production is also described, where
yields of 81.5 L H2 kg COD−1 and 310.5 L CH4 kg COD−1 [26] as well as 141.9 L H2 kg COD−1

and 230 L CH4 kg COD−1
(removed) [27] were determined.

4. Other Anaerobic Fermentations
4.1. Acetone–Butanol–Ethanol (ABE) Fermentation

The fermentation products acetone, butanol and ethanol can be used as bulk chemicals
in industry. In addition, ethanol and butanol can be applied as biofuels. Luo et al. inves-
tigated wheat starch wastewater for ABE fermentation [28]. They utilised a wastewater
termed “suspensions after hydrocyclone centrifugation” as a main carbon source, which
contained 68.6 g L−1 of starch and 48.1 g L−1 crude fibre. Corn steep liquor was used as
nitrogen source. In the fermentation, they obtained 11.6 g L−1 of butanol and total solvent
of 18.3 g L−1. In the literature, ABE fermentation trials on tapioca starch wash wastewater
can also be found, where the highest butanol concentrations were achieved of 1.8 g L−1 at
pH 5.5 with C. butyricum [29].
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4.2. Lactic Acid Fermentation

Lactic acid can be used as a chemical in the food and feed industry; in addition, it is
the precursor of the biopolymer poly-lactic acid (PLA). The traditional method of biological
production of lactic acid from wastewater involves a two-step process where the substrate
requires energy-intensive pre-treatment. Tosungnoen et al. showed that Lactobacillus
plantarum was capable of utilising synthetic cassava starch wastewater for the production
of lactic acid in a process known as simultaneous saccharification and fermentation (SSF),
which is a more efficient method, compared to the traditional two-step process. Lactic acid
concentrations of 28.71 g L−1 could be achieved under non-sterile conditions. At the same
time, high purification rates could be achieved: COD removal of 98% and nitrogen (TKN)
removal of 85% [30].

Similar results could be achieved with potato starch wastewater and the use of fungi
such as Rhizopus oryzae, as demonstrated by Huang et al. with concentrations of lactic
acid above 10 g L−1 at various pH levels, as well as an increase in fungal biomass [31].
The use of fungi brings some advantages with regard to use in an industrial environment
due to their robustness and high tolerances. To combat the inhibition effect that high
concentrations of lactic acid can have on microbial activity, supplementing the media with
CaCO3 is possible [32]. Besides the examples presented, there are many bacterial species
that have been proven to show the ability to produce lactic acid, including Carnobacterium,
Leuconostoc, Streptococcus and Oenococcus [33].

5. Conclusions

Starch production results in increasing amounts of wastewater worldwide. In the con-
text of a circular economy, it makes sense to valorise starch wastewaters to products which
can be provided to society. Anaerobic fermentation processes are suitable approaches to
provide energy carriers and bulk chemicals from starch wastewaters. Biogas production is
widely applied at the industrial scale, whereas biohydrogen, ABE fermentation and lactic
acid are still at the research stage. With regard to biogas research and process optimisation,
current work is focussing on: further development of reactor types; improving process
performance and stability; increasing the efficiency of a pre-acidification step; and process
modelling. In addition, microbial consortia composition and granule stability are of high
interest. With regard to biohydrogen, the research activities are more basic: determin-
ing biohydrogen yields with regard to different strains and wastewaters; evaluation of
optimal fermentation parameters; strain isolation and comparison; and mixed-culture
fermentations.
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