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1 Introduction

The economic treatment of food waste is a major challenge for the development of
sustainable waste management systems. Traditional waste management treatment
options include landfilling, composting, or anaerobic digestion for biogas
production. In recent years, alternative technologies have been developed to produce
value-added products from waste, for example, via the carboxylate platform
(Bastidas-Oyanedel et al. 2015). In the carboxylate platform, carboxylic acids are
produced via an undefined mixed culture of bacteria. To produce volatile fatty acids
(VFAs), e.g., acetic, propionic, or butyric acid (all pK, ~ 4.8), a pH of around 5 is
considered the lower boundary because below that pH, solvent production overtakes
acid production due to inhibition (Bastidas-Oyanedel et al. 2015; Aceves-Lara et al.
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2008). A possible explanation is that the protonated VFA form is the more inhibitory
form for microorganisms (Penumathsa et al., 2008) and the lower the pH, the more
VFAs are present in their protonated form.

Controlling pH can be achieved either by chemical means or co-fermentation
with other wastes (Wu et al. 2016). The need to control pH in these systems imposes
further economic and logistic constraints and is therefore a drawback for the
production of platform chemicals from food waste. Ideally, carboxylic acids are
produced using the intrinsic buffer capacity of food waste without pH control or
co-fermentation, while retaining a high final product concentration. Another
obstacle for the production of carboxylic acids from food waste is that mixtures of
acids are often produced, e.g., acetic and butyric acid that have to be separated
before utilization (Zhang et al. 2014). Separation and recovery of carboxylic acids
from fermentation broths can be achieved by adsorption, either as direct addition of
adsorbent in the fermenter or in a separated step (Yousuf et al. 2016). There are
other techniques, different to adsorption, that include solvent extraction, membrane-
based solvent extraction, electro dialysis, and membrane separation (Bastidas-
Oyanedel et al. 2016, Lopez-Garzon and Straathof 2014).

The production of a single acid at a high concentration is highly desirable con-
sidering downstream processing (Zhang et al. 2014). Lactic acid (LA) is a promis-
ing carboxylic acid that can potentially fulfill all the requirements mentioned above.
Its pK, of 3.9 is lower than the pK, of VFAs, and therefore, fewer acids are in their
protonated form at a low pH. This reduces product inhibition by protonated acids at
low pH and allows for higher product concentrations at a low pH compared to
VFAs. In addition, previous studies suggest that a high selectivity can be achieved
for LA over other products. Kim et al. (2012), for example, achieved a selectivity of
LA over total fermentation products from the fermentation of food waste of over
90% using food waste pretreatment at 60 °C. LA can serve as precursor for the
production of many useful chemicals and products, such as biodegradable polymers,
pyruvic acid, acrylic acid, 1,2-propanediol, and lactate ester (Bastidas-Oyanedel
et al. 2015; Gao et al. 2011). Today, it is already produced using bacterial
fermentation (Lopez-Garzoén and Straathof 2014).

As mentioned before, microbial communities of mixed culture fermentation can
be affected/modified by process parameters, e.g., pH, product inhibition. Recent
advancements and increased access to novel sequencing technologies have resulted
in the generation of a large amount of data regarding microbial populations and their
dynamics in environmental and industrial settings (Ju and Zhang 2015). These data
could help applied microbiologists and engineers in optimizing bioreactor technolo-
gies with an emphasis on process parameters and/or inoculum selection and mainte-
nance. In order to do this, it is necessary to first establish correlations between
efficient well-operated reactors and the microbial communities driving them.

The aim of this study was to explore different reactor configurations for LA pro-
duction by pH-uncontrolled fermentation of food waste. In addition, we were inter-
ested in determining the microbial communities that develop under different reactor
configurations. Model food waste was fermented mesophilically in three reactor
configurations: (a) semi-continuous feeding, (b) batch, and (c) percolation systems.
Percolation systems are attractive in the context of waste management because they
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are easy to handle and allow for subsequent composting (Bonk et al. 2015). In these
systems, the hydraulic retention time (HRT) can be separated from food waste
retention time and possibly also the retention time of microorganisms if they are
able to attach to the food waste. Similar systems already exist on industrial scale for
biomethane production from waste, such as the Aikan® system (Bastidas-Oyanedel
et al. 2015). Since the percolation system is a practical setting for industrial waste
treatment, the economic feasibility of its application to LA production from food
waste was also estimated in this study. A major obstacle of all the tested reactor
configurations is the recovery of the product. Therefore, in situ product extraction
was tested using activated carbon.

2 Materials and Methods

2.1 Substrate and Inoculum

In order to have reproducible conditions, a model food waste was used as substrate,
consisting of 50% cooked rice (Thai Pathumthani Fragrant Rice) and 50% dry dog
food (Purina® Dog Chow Complete and Balanced) based on dry mass (Yousuf et al.
2016). It was prepared fresh for each experiment and feeding. Based on manufac-
turer’s information on the product composition, the model food waste contained
12% protein, 69% carbohydrates, and 5% fat based on dry mass (Yousuf et al. 2016).
The theoretical maximum LA yield was estimated to 0.74—1 gCODLA/gTS¢o0q waste
t.d» based on Castillo Martinez et al. (2013) and Grootscholten et al. (2013). Generally,
no pretreatment was applied to the model food waste if not indicated.

The semi-continuous fed reactors were originally inoculated with anaerobic
sludge from the Mafraq wastewater treatment plant in Abu Dhabi, and fed for 5
months with food waste from the Masdar Institute campus canteen, Abu Dhabi,
under varying feeding and pH control strategies before the conditions described
below were established. After those 5 months, inoculum for the batch experiments
was taken from the semi-continuously fed reactors and kept at 37 °C for 4 days
before starting the batch experiments.

2.2 Reactors Configurations
2.2.1 Semi-Continuously Fed Reactors

Three fermenters were run in parallel with a working volume of 13 L, 100 rpm stir-
ring, an organic loading rate (OLR) of 5 gTS/L/day, a HRT of 15 days, and a semi-
continuous feeding interval of model food waste of 10.5 days. The temperature was
controlled with a heating bath at 35 °C. To prevent a possible organic overload, half
of the corresponding dog food amount was added with 3—4 days delay. Under these
conditions, the reactors were run for 8 months.
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2.2.2 Batch Experiments

Batch experiments were conducted in duplicates in glass bottles with a total volume
of 327 mL and a working volume of 115 mL. Table 1 shows the experimental
conditions of most important batch experiments. As standard conditions, substrate
concentrations of 52 gTS/L and 35 mL inoculum from the semi-continuously fed
reactors were chosen. Tap water was used to bring the volume up to 115 mL. At the
start of the experiment, the headspace was flushed with nitrogen, and the bottles
were incubated without any shaking at 37 °C for 11 days.

In addition to these standard conditions, the influence of shaking of the batch
bottles at 100 rpm was tested. Furthermore, the model food waste was grinded using
pestle and mortar to test the influence of mechanical pretreatment. To test the
possibility of nutrient limitation, a mineral solution was added (Angelidaki et al.
2009; Bastidas-Oyanedel et al. 2010). To test the difference between the uncontrolled
pH fermentation and controlled pH fermentation, the pH of the inoculum was raised
to 7, and sodium bicarbonate was added with final concentrations of 15 and
30 g/L. Substrate concentrations were varied between 10 and 156 gTS/L, and
inoculum amounts between 0 and 35 mL. To investigate the impact of an increased
retention time of the fermenting bacteria, a sequential batch experiment and a fixed
bed batch experiment were run.

Table 1 Experimental conditions of most important batch experiments

Substrate Total initial TS
Batch | conc. Inoculum (inoculum + food
no. (gTS/L) Shaking | (mL) pH control | waste) Other
First set
1 0 Yes 35 No 10.27
2 52.14 Yes 35 No 62.41
4 52.14 No 35 No 62.41 T=50°C
5 52.14 Yes 35 No 62.41 Pretreatment
(grinding) of
food waste
Second set
6 52.14 No no Initial 52.15 5 g/L lactic acid
pH=3 added
7 52.14 No 35 pH =7 with | 66.09
15 g/LL
NaHCO;
Fourth set
17 156.42 No 35 No 172.03
20 156.42 No 35 No 172.03 46 g activated
carbon
(Dophin®)
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2.2.3 Percolation System

The percolation system consisted of a plastic tube with a total volume of 2.7 L and
a height of 0.72 m. The percolation tube was completely filled with model food
waste mixed with wood chips (size ~5%2%*2 cm) as structural material. The
fermentation liquid entered at the top of the column, percolated through the mixture
of food waste and wood chips and exited at an outlet at the bottom of the tube. To
prevent a clogging of tubes by particular matter, this outlet was protected by a sieve
with <1 mm diameter and a kitchen sponge. The percolate flowed by gravity into a
bioreactor with a working volume of 2 L, a temperature of 35 °C, and stirring of
50 rpm. A peristaltic pump recirculated the fermentation liquid with a dilution rate
of 2.76 day~! to the top of the percolation tube. Each experiment was run for 1 week
and used 218 gTS of model food waste. After starting the experiment, tap water was
added as needed to the reactor to keep a working volume of 2 L. The first experiment
was started without the addition of inoculum.

2.2.4 In Situ and Online Extraction with Activated Carbon

Batch experiments with activated carbon were conducted to measure if an increase
in lactic acid yield is possible by in situ product removal. Forty-six grams of
activated carbon pellets (DoPhin® FM902) were washed before use with warm tap
water as recommended by the manufacturer. The activated carbon was put in a fine
textile net (~30 mesh) to keep the activate carbon granules in contact with the
fermentation broth while preventing granules from mixing with the food waste for
simpler separation after the fermentation. The activated carbon was submerged into
the fermentation broth at the start of the experiment. After the experiment, the
activated carbon was placed without any pretreatment into 115 mL acetone to
desorb the fermentation products. Acetone desorption allows recovering the
carboxylic acids in an organic solvent, rather than in aqueous solution, offering
multiple application in thermochemical/catalytic down streaming of the carboxylic
acids (Zanella et al. 2014).

2.3 Analytical Methods

Chemical oxygen demand (COD) was measured using spectrophotometric tests
(LCK 014, range 1-10 g/L, Hach Lange GmbH) and a Hach DR 2800
spectrophotometer. Reactor samples were prepared by centrifugation for 5 min at
14,000 rpm, filtration (0.45 pm), and dilution with DI water to fit in the cuvette test
linear range.
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The concentrations of organic acids and alcohols were measured by high-
performance liquid chromatography (HPLC). Samples were prepared by
centrifugation for 5 min at 14,000 rpm and filtration (0.45 pm). In addition, samples
were diluted five times with 0.01 M H,SO,. In the case of the activated carbon
experiments, the fermentation products containing acetone samples were diluted 20
times. Samples were run in an Agilent 1260 at 65 °C, using an Agilent Hi-Plex H
column, 5 mM H,SO, as mobile phase at 0.6 mL/min, a UV detector at 210 mm for
organic acids, and a RID detector at 35 °C for glucose and ethanol. Ethanol could
not be quantified for the activated carbon extraction because it eluted at a retention
time close to the one of acetone. Error bars in all figures represent the standard error
of mean (SEM).

2.4 Microbial Community Analysis
2.4.1 DNA Isolation

To extract DNA from the fermentation broth samples, a method for DNA extraction
from high-strength wastewater sludge was adopted (Tabatabaei et al. 2010).

2.4.2 16S rRNA Gene Amplicon Sequencing

The extracted DNA samples were sent to Macrogen Inc. (Seoul, South Korea)
where 16S rRNA gene libraries were prepared using the universal primers 337F
(GAC TCC TAC GGG AGG CWG CAGQG) and 805R (GAC TAC CAG GGT ATC
TAA TC) which amplify the third and fourth variable regions. The barcoded libraries
were combined together and sequenced using Illumina MiSeq (Control Software
v2.2). The average throughput per sample was approximately 52.5 million bases
and 245,000 reads in total (forward and reverse reads combined). The raw sequences
were uploaded to the NCBI sequence read archive (SRA), and the accession
numbers for the percolation reactor samples are SRX2672533, SRX2672534. The
accession numbers for the semi-continuous fed reactors are SRX2672535,
SRX2672536, and SRX2672537.

2.4.3 Bioinformatics Pipeline and Analysis

FastQ files were analyzed using the Quantitative Insights Into Microbial Ecology
(QIIME V1.9.1) software tool (Kuczynski et al. 2012). The sequences were aligned
with the August 2013 version of the Greengenes Database (The Greengenes
Database Consortium). Note that the relative abundancies shown were not corrected
for differences in 16S rRNA gene copy numbers.
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2.5 Techno-Economic Analysis

The techno-economic analysis was based on Bonk et al. (2015), a percolation
system followed by a composting stage. The data used for the techno-economic
analysis consisted on the product concentrations of the first percolation experiment
in this study. All other process parameters and economic assumptions were left
identical to the non-pretreatment scenario used by Bonk et al. (2015). No gate fee
was applied, i.e., food waste does neither bring cost nor income to the LA producing
waste treatment plant. To estimate the separation cost of LA from water, an energy
cost of 0.0068 USD/kg,.... (LOpez-Garzén and Straathof 2014) was used. The
income from the by-products (ethanol and carboxylic acid) was neglected.

3 Results and Discussion

3.1 First Process Insights Based on Semi-Continuously Fed
Reactor

Figure 1 shows several sampling points of the uncontrolled pH fermentation
study, with a semi-continuous fed reactor. LA concentrations reached a maxi-
mum of 20.1 gCODy /L (18.6 g 4/L) after 10.5 days (before the next feeding).

ESscoD

B Ethanol

B Hexanoate

Valerate

[Butyrate

product concentration (gCOD/L)

B Propionate

Fig. 1 Results pH-uncontrolled lactic acid production from model food waste: semi-continuous
feeding (influent food waste concentration 75 gTS/L; error bars: 1 SEM, representing sum of
products
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This concentration is much lower than for pH-controlled fermentation of food waste
that lead to concentrations of 38 gCOD, /L (Zhang et al. 2008) or pure culture pH-
controlled fermentations leading to 227 gCODy 4/L (Castillo Martinez et al. 2013).
A high product concentration is important to decrease the cost of removing water
by, for example, evaporation during the product during the product recovery process
(Lopez-Garzén and Straathof 2014). The reason for the lower concentration does
not lie in a substrate limitation (see Sect. 3.2). Rather, it is probably caused by prod-
uct inhibition. In comparison to these pH-controlled experiments (minimum pH 5),
the pH in our reactors was 2.96. At this low pH, more molecules of LA are proton-
ated and therefore lead to more product inhibition, assuming that protonated car-
boxylic acids are the more damaging form (Rodriguez et al. 2006). On the other
hand, the low pH might have the advantage that a highly stereoisomer-selective
L-LA production could occur as previously discovered by Zhang et al. (2008).
However, we could not discriminate L and D-lactic isomers with our analytical
method. Therefore, further investigations are required in this regard. In conclusion,
lactic acid concentration in our pH-uncontrolled fermentation were lower than in
pH-controlled experiments and might never reach such high concentrations due to a
higher product inhibition at a low pH.

Another important aspect is the selectivity of lactic acid production, i.e., the
amount of side products in the fermentation that increase the cost of product
separation. In relation to all measured compounds, LA made up 49-67% (gCOD, /
2COD 1 producs)- Ethanol was found as the major by-product (<4.9 gCOD/L). The
contamination by ethanol might impose only minor practical challenges on the
recovery of pure LA because its boiling point (78 °C) is quite different to the LA
boiling point (122 °C). In addition, ethanol could be used for esterification of LA to
yield valuable lactate esters (Castillo Martinez et al. 2013). On the other hand, con-
tamination by other carboxylic acids can result in more problems for the recovery of
pure LA, because some compounds have a very close boiling point to LA, for exam-
ple, acetic acid (118 °C). LA made up 63—88% (gCOD; 2/gCOD ) acigs) Of the total
acids, and acetic acid was the major acid by-product. Therefore the contamination of
LA by carboxylic acids, and in particular by acetic acid, needs to be reduced.

Concerning the data quality, difference in the sum of all compounds measured by
HPLC and the measured SCOD was up to 30%. This could be due to undetected
compounds and/or measurement errors. Here, it is unclear if this is due to a
measurement error or real differences in the biological replicates. The latter was not
expected because no changes in the operation of the reactors were done nor was
there any problem with the reactors detected.

To explore the composition of the microbial community, genomic DNA of all
three reactors was extracted from samples from March19, 2015. Figure 2 shows the
microbial community composition on order level. The semi-continuously fed
reactors were dominated by Lactobacilalles. Note that no correction was done for
the different 16S rRNA gene copy numbers in the genomes of the involved
microorganisms. That being said, Lactobacilalles represented approximately 53%
of aligned sequences in the semi-continuously fed reactors. In this order, species of
the genus Lactobacillus of the family Lactobacillaceae were the most abundant
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B Lactobacillales [ Rickettsiales
B Flavobacteriales B Other (sum of orders <3 %)

0.7

relative abundance based on 16s rRNA reads

*Average semi-continuous reactor 19.03.2015

Fig. 2 Bacterial community structure on order level based on 16S rRNA gene amplicon sequenc-
ing. All other orders have an abundance of <4%. Biological triplicate, error bars: 1 SEM

species. The dominance of Lactobacilalles in the present study is in accordance
with the recent discovery of the dominance of Lactobacillus in pH-uncontrolled
mixed culture fermentation of agricultural peel wastes (Liang et al. 2016).
Fermentation of fruit and vegetable waste was also recently found to result in
dominance of Lactobacillus when controlled at pH = 4 (Wu et al. 2015). The raw
FastQ sequencing files were also uploaded to Genbank.

In conclusion, selective lactic acid production was achieved at pH-uncontrolled
conditions under semi-continuous feeding. The dominant order was Lactobacillus.
Yet, higher concentrations, yields, and selectivities for lactic acid would be
preferable. Therefore, batch experiments were conducted to evaluate how to improve
this performance.

3.2 Process Understanding and Optimization Based on Batch
Experiments

Batch experiments were conducted to understand better the factors influencing lactic
acid production under pH-uncontrolled conditions and finally find conditions to
improve concentrations, yields, and selectivities for lactic acid compared to the
semi-continuously fed reactor. Only the most important batch results are presented
below.

Figure 3 compares the product concentration of the batch experiment No. 3 (no
shaking) after 11 days with the concentration of the inoculum (taken from the semi-
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continuously fed reactor 10.5 days after feeding plus 4 days in incubator). The
relative amount of inoculum and food waste to working volume per feeding is the
same for this batch and the semi-continuously fed reactor. The batch experiment
resulted with 13.95 gCODy /L in lower LA concentrations than the inoculum from
the semi-continuous reactor (16.53 gCODy ,/L). On the other hand, selectivity was
higher for the batch experiment with 0.93 gCOD; /gCOD oy proquets cOmpared to
0.8 gCODy 4/gCOD gl producs for the inoculum. A main difference lies in the higher
ethanol and acetic acid concentration measured in the inoculum from the semi-
continuously fed reactor. Acetic acid in the batch experiment was below detection
limit, leading to a 96% (gCOD; o/gCOD,y aigs) selectivity of LA over all other
acids. The LA yield was 0.28 gCOD;A/2TS food waste fea. Lhe reason for the higher
ethanol concentration in the semi-continuously fed reactors is not clear. One
possible explanation is that after 7 months of operation, there might have been a
biofilm on the walls of the semi-continuously fed reactors, and this biofilm might be
enriched for ethanol producing microbes. But we did not directly check for the
existence of a biofilm to confirm this hypothesis. In support of this hypothesis, both
the sequential batch and the fixed bed batch experiments show higher ethanol
concentrations after 2 months (>4.4 gcop/L) than at the start of the experiment
(~0.3 gcop/L). A potential biofilm formation leading to unwanted side products is an
important issue and therefore should be followed up in future research. In conclusion,
using the same food waste concentration, batch experiment No. 3 resulted in general
in similar fermentation products as the semi-continuously fed reactor, and in detail
in higher LA selectivity and lower LA concentrations.

The batch experiment at 50 °C (batch No. 4) resulted in a lower LA concentra-
tion than the mesophilic control (batch No. 1). Shaking (batch No. 2) and shaking
plus grinding (batch No. 5) increased the LA concentration by 27% and 20%,

msemi-continuous feeding ©batch

25

product concentrations (gCOD/L)

Fig. 3 Comparison of semi-continuously fed reactors with batch No. 3. Semi-continuous reactor
sampled 10.5 days after feeding plus 4 days in incubator. Batch sampled at day 11. Error bars: 1
SEM (technical duplicate semi-continuously fed reactor, biological duplicate batch; error bar of
first bar for each date is the SEM of the sum of products). Succinate, Formate, Valerate, Hexanoate
below detection limit
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respectively. The batch experiment with additional mineral medium (batch No. 15)
did not show any improvements ruling out nutrient limitation. This is further sup-
ported by the pH-controlled batch experiment (batch No. 7) that resulted in much
higher product yields (up to 0.79 gCOD o products/€TS food waste fea) than the pH-uncon-
trolled experiments. Therefore, product inhibitions by protonated acids and ethanol
as well as the low pH seem to be the limiting factors to higher product concentra-
tions, rather than substrate or nutrient limitations. Increasing the initial food waste
concentration to 158 gT'S/L (batch No. 17) leads to LA concentration of 31.8 gCOD/L
but lowered the yield (to 0.2 gCODy A/gTSto0a waste fea)- The selectivity over the total
fermentation products remained high (0.93 gCODy »/g2COD i products» 0.95 gCODy 4/
2CODyo1 acias)- The higher LA concentration might be the result of the higher buffer
capacity resulting from the high initial food waste concentration. The final pH of 3.3
was higher the pH in most other batch experiments and the semi-continuously fed
reactors. The higher pH lowers product inhibition by protonated acids. Fixed bed
and sequential batch experiments (batch No. 11 and No. 18) lead to increased
ethanol concentrations but also to higher selectivities of LA over other organic
acids. Evaluating the impact of inoculum is challenging because the inoculum itself
contains LA and other products and has an impact on the initial pH. Therefore a
batch with inoculum (batch No. 10, initial LA concentration 6.1 gCODy /L, initial
pH 3.25) was compared with a batch without inoculum but with LA addition (batch
No. 6, initial LA concentration 5.4 gCOD, ,/L, initial pH 3.23). Both resulted in the
same selectivity for LA (93% gCOD;A/gCODyu proques) and a similar LA
concentration (15.1 gCOD; /L for batch 10 and 16.2 gCOD; /L for batch 6).
Therefore, it seems like the microorganisms present in the inoculum did not play a
crucial role. The microorganisms present in the model food waste seemed to be
sufficient for the fermentation. Nevertheless, the use of inoculum lowers the initial
pH resulting in higher LA selectivities.

From a techno-economic point of view, the most interesting result is that a sim-
ple batch fermentation system with a high food waste load without shaking resulted
in high LA concentrations and selectivities. The high LA concentration combined
with a high selectivity over acetic acid is important to reduce product separation
costs. The low yield is disadvantageous, especially if food waste becomes a resource
in the future that needs to be paid for. In that case, a higher yield strategy will
become economically critical.

3.3 Percolation System as Practicable Large Scale Reactor
Configuration

3.3.1 Experimental Results

Figure 4 shows the fermentation products of the percolation system after 3 and 7
days. After 7 days of percolation, the final LA concentration reached 16.4 gCOD/L
with a yield of 0.15 gCOD; A/gTS;.q. The calculated product COD concentration
differed less than 1% from the measured SCOD at day 7. The LA selectivity of 78%
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(gCODy A/gCOD,qyy 4cigs) Was much lower compared to the batch experiments. We
hypothesize that this is due to the higher buffer capacity and the higher final pH of
3.74, both resulting from the higher food waste amount per fermentation broth. A
higher buffer capacity leads to a slower pH drop and therefore results in a longer
time period favorable for VFA production. Possible improvements to increase the
selectivity are to change the food waste—fermentation liquid ratio, leave some of
the percolation liquid for the next batch, or to have a continuous liquid exchange
disconnected to the percolation tube. Nevertheless, even with the simple percolation
set-up used in this study, lactic acid can be produced as major fermentation product
in concentrations similar to batch and semi-continuous experiments.

3.3.2 Techno-Economic Assessment

Section 3.3.1 has shown that LA can be produced in a pH-uncontrolled percolation
system but that further process optimization is still required. Nevertheless, this is a
practicable system for industrial scale implementation, and therefore a techno-
economic evaluation is already interesting at this stage. Excluding the cost of lactic
acid separation and purification, the minimum selling price of LA was estimated to
362 USD/t; 4. This is low compared to the market price of 1000-1800 USD/#
(Bastidas-Oyanedel et al. 2015), but the separation and purification of LA from the
fermentation broth remains a challenge and uncertainty in the techno-economic
assessment. For a first estimate, purification of LA can be neglected assuming that

35
30
g @ SCoD
8
@ Ethanol
é 25
§ M Hexanoate
S
.2; 20 O Valerate
f=
<} T
[ Butyrate
§ 15 7
g A O Propionate
g 10 11T m Acetate
Q M Lactate
: N
t=p =3¢
ftap Wate, i
Nocyy,
)

Fig. 4 Results of first percolation system experiment (no inoculum, 109 gTS food waste per liter
working volume, technical duplicate; error bars: 1 SEM, error bar of first bar for each date is the
SEM of the sum of products)
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LA selectivities in the fermentation can be further optimized in the future. In that
case, the separation cost of LA from the fermentation broth can be roughly estimated
by the cost of removing water. Evaporation is a standard process to achieve this
separation, but the costs are high for dilute aqueous solution (Lépez-Garzén and
Straathof 2014) such as the fermentation broth from the percolation reactors.
Therefore, assuming evaporation as separation technology will result in a
conservative separation cost. For the LA concentration of percolation experiment
(16.4 gCODy /L, 15.2 g1 A/L), the energy costs to evaporate the necessary 65 #,yer/fi
were estimated to 442 USD/#, . This results in a LA production cost of 804 USD/#; 4,
excluding equipment cost for evaporation. This is still 200-1000 USD/# 5 below
today’s market price. Assuming that the performance of the batch experiments
(batch No. 17) can also be achieved in the percolation system, the total LA
production cost including separation from water would be 514 USD/1; 5.

Evaporation is rather an unpracticable separation technology in our case because
of the high energy requirement of evaporation. Therefore, the techno-economic
feasibility of other separation processes should be evaluated in the future, for
example, chromatography (Thang and Novalin 2008), reverse osmosis (Diltz et al.
2007), electrodialysis (Wang et al. 2013), or adsorption as presented in the
experimental results. In particular, technologies are preferable that allow for small-
scale decentralized waste management plants. In this context, the idea of a
fermentation process that requires no pH control is particularly attractive.

LA can be produced via two different metabolic routes, leading to the isomers L
and/or D (Hoelzle et al. 2014). Using pure culture LA fermentation, a higher
selectivity for L-LA was found for pH-uncontrolled fermentation (Abdel-Rahman
et al. 2013). Unfortunately, the isomeric purity of the LA produced in this study
could not be discriminated. But if this is the case, the economic feasibility would
again increase for producing a more valuable pure isomer with a price of about
2400-3400 USD/t (Taian Health Chemical Co. Ltd. 2016).

This estimate on the techno-economic feasibility showed that the production of
LA from food waste has a realistic potential to become a waste treatment option, but
before it can be realized, further research and development in the field of separating
LA from the fermentation broth in an energy efficient and sustainable way is
required.

3.4 In Situ for Product Removal and Yield Increase

The techno-economic analysis showed that the recovery of LA from the fermenta-
tion broth remains a major challenge. In addition, the experiments resulted in LA
yields as low as 0.15 gCOD;A/gTSt0d wasee fea fOr the percolation system and
0.2 gCOD A/2TSt00d waste fea fOI the batch experiments with the highest LA concentra-
tion (batch No. 17). A low yield also has a negative impact on the process econom-
ics. In situ extraction using activated carbon could be a solution for both problems.
Instead of recovering LA after the fermentation, in situ extraction removes LA from
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the fermentation broth during the fermentation, thereby decreasing product inhibi-
tion and enabling higher product yields. Gao et al. (2011), for example, increased
the LA yield in pure culture fermentations by 50% using in situ extraction with
activated carbon. But their glucose-based fermentation is not comparable to a
“dirty” food waste fermentation because the latter contains particulate matter that
potentially clogs the pores of the activated carbon and reduces its performance.
Figure 5 shows the results of the batch fermentations with additional activated
carbon after 7 days of fermentation. The LA yield could be increased by 35%
(gCOD/gTSto0d waste fea) DY the use of activated carbon (batch 20) compared to the
control without activated carbon (batch 17). Note that the adsorption experiment has
no duplicates. The LA adsorpted to activated carbon (and desorpted with acetone)
was 18.6 Mgy o/Luciivated cavon- YOUsUS et al. (2016) tested the adsorption of carboxylic
acids to activated carbon in fermentation broths, containing LA with a concentration
of 12.53 gCOD/L and found a very similar adsorption of 18.63 mg; o/Zucivated carbon-
These numbers are not directly comparable to the present values, since Yousuf et al.
(2016) used a different kind of activated carbon, had a different fermentation broth
and removed particles from the fermentation broth by centrifugation. Nevertheless,
our results suggest that in situ extraction with activated carbon can be achieved even
in a “dirty” fermentation broth with particulate matter. This is not an obvious result,

Bl lactic acid concentration in fermentation broth ~ Blactic acid adsorpted to activated carbon
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Fig. 5 Increase in lactic acid production by in situ extraction using activated carbon. Initial food
waste concentration 158 gT'S/L. Amount of lactic acid adsorpted to activated carbon normalized to
working volume batch. Error bars: 1 SEM (Biological duplicate batch 17. No duplicate batch 20)
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because it could also be that the activated carbon pores get blocked with food waste
particles and microorganisms, limiting the mass transfer. It could be that such
effects appear after recycling activated carbon several times. It remains uncertain if
all lactic acid was desorpted from the activated carbon. In batch experiment No. 19,
it was tested a second acetone extraction of LA from activated carbon, and additional
18% LA were desorpted, indicating that most LA was already desorpted in the first
extraction.

In the future, the use of in situ (or online) extraction of LA from a pH-uncontrolled
fermentation of food waste in a percolation system can be a promising waste manage-
ment option. In such a scheme, pure, and potentially isomerically pure, LA could be
gained via in situ extraction with positive effects on the product yield. The LA
remaining in the fermentation broth can be flexibly used depending on the market
situation, for example, as a substrate for other bioprocesses, as final product after
separation from the fermentation broth, or used for energy production (e.g., by bio-
electrochemical systems or via converting LA to biomethane in an anaerobic digester).

In conclusion, in situ extraction has the advantage to remove carboxylic acids
already during the fermentation, thereby reducing product inhibition. For a
practicable application, activated carbon and acetone need to be recycled several
times. This needs to be studied further.

4 Conclusions

Simple and practicable process configurations for lactic acid production in pH-
uncontrolled food waste fermentations were successfully tested, in particular batch
fermentation without mixing and a percolation system. The percolation system
appeared to be techno-economically feasible but product recovery remained a major
obstacle. In situ extraction using activated carbon was successfully tested as a sim-
ple way of product recovery that additionally increases lactic acid yield. In a future
food waste biorefinery scheme, some of the lactic acid could be recovered by in situ
extraction, while the remaining lactic acid in the fermentation broth could be fed to
another bioreactor, e.g., for bioenergy production.
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