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ABSTRACT

The management of sewage sludge is mostly limited to anaerobic digestion, inciner-
ation of digestate and recovery of phosphorous. In terms of resource efficiency, it is
recommended to make use of the potential of all organic compounds. Nitrogen com-
pounds, for instance, can find application as nutrients in biotechnological processes.
To follow this approach, sewage sludge collected after anaerobic digestion, which
had carbon and nitrogen contents of 35.9% (w/w) and 5.6% (w/w), respectively, was
first hydrolyzed using 0-1% (w/w) sulphuric acid for 15 minutes at 121°C and the hy-
drolysate used as nitrogen source in lactic acid fermentation. Even though the focus
was on a recovery of nitrogen compounds, the hydrolytic treatment with 1% (v/v)
sulphuric acid resulted in a release of 28 mg g glucose. Because of the complex
composition of the obtained hydrolysate it was not possible to quantify the released
organic nitrogen compounds. Lactic acid fermentations, however, revealed that the
concentration of organic nitrogen compounds was sufficient to efficiently convert
10 g L of added glucose into 9 g L lactic acid, and thus it is expected that digested
sewage sludge may be an alternative nitrogen source in lactic acid fermentation,
possibly combined with the utilization of a carbon-rich feedstock. Such a utilization
approach goes beyond the conventional management strategies of digestated sew-

1. INTRODUCTION

Germany produced around 3 million tons of sewage
sludge in 2016. Most of it was anaerobically digested follo-
wed by incineration or other thermal treatment (Schnell et
al., 2020). Despite the development regarding a materially
use of sewage sludge during the last years it is state-of-
the-art in wastewater treatment plants to anaerobically di-
gest it for biogas and eventually energy generation (Agabo-
Garcia et al., 2019). Alternative possibilities are the use of
carbon compounds in sewage sludge in the co-fermenta-
tion with grass residues (Yang & Wang, 2019), fallen leaves
(Hu & Wang, 2019) or ryegrass (Yang & Wang, 2017) for
hydrogen production. Furthermore, activated sludge from
secondary clarifier of a sewage treatment plant (Li et al.,
2018) or from a sewage disposal plant (Ma et al., 2014)
has been used in microbial lactic acid formation and for the
formation of short-chain fatty acids via acidogenic fermen-
tation (Liu et al., 2020).

Anaerobically digested sewage sludge is rich in pho-
sphorous (15-40 mg g P,0,) and nitrogen (16-60 mg g")
(Metcalf, 1991). While phosphorous recovery is mandatory

age sludge and allows a material utilization even after anaerobic digestion.

for sewage sludge with a content above 20 mg g and can
be achieved by struvite formation after anaerobic digestion
(Raheem et al., 2018) or from ash after incineration (Gin-
ther et al.,, 2018), recovery or use of nitrogen compounds
has not been considered. In 2020, the new German fertili-
zer ordinance came into force with the aim to reduce the
emission of nitrogen and phosphorus from arable land to
water bodies. The new ordinance challenges the applica-
tion of (digested) sewage sludge as it is usually not incor-
porated into soil within 4 hours, a prerequisite for fertilizer
application. In a value chain where carbon and phospho-
rus compounds in sewage sludge are used or recovered
for energy and fertilizer generation, respectively, nitrogen
compounds remain unused which may be used as nitrogen
source in biotechnological processes, such as lactic acid
fermentation.

Lactic acid has a moderate value. Its applicability, ho-
wever, illustrates the relevance for food and chemical in-
dustries, where it is often used as a preservative or for the
synthesis of the biopolymer poly(lactic acid), respectively
(Juturu & Wu, 2016; Klotz et al., 2016). The applicabili-
ty of lactic acid thereby originates from its properties as
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an a-hydroxy acid. It can be polymerized by forming ester
bonds between lactic acid molecules to form poly(lactic
acid) (Masutani and Kimura, 2015). Lactic acid is efficien-
tly formed by microorganism. Under homofermentative
conditions 1 mole glucose results in 2 moles lactic acid
(Pleissner, 2019) and serves due to its acidic characteri-
stics as natural conserving agent. When obtained from
fossil-oil, lactic acid forms a racemate, while its homofer-
mentative production allows the production of either the
D- or L-enantiomeric form (van Velthuijsen, 1996).

Due to the increasing interest of industry in lactic acid,
fermentations fed with cost-efficient organic residues or
waste streams have been investigated. It was shown that
carbon compounds from agricultural residues (Alves de
Oliveira et al., 2019; Glaser & Venus, 2018), organic muni-
cipal solid waste (Lépez-Gomez et al., 2020), food waste
(Peinemann et al., 2020) or activated sewage sludge (Li et
al., 2018; Ma et al., 2014) can be utilized by microbes to
produce lactic acid. The activity of microbes also requires
the presence of utilizable nitrogen compounds, and thus
alternative nitrogen sources, such as green biomass (Dietz
et al,, 2016) and protein hydrolysate from municipal solid
waste (Izaguirre et al., 2020), were investigated as well. To
combine waste management and waste utilization, aim of
this short communication was to make nitrogen compoun-
ds available from DSS to open new utilization paths for this
underutilized material.

2. MATERIAL AND METHODS
2.1 Digested sewage sludge

DSS was collected from the wastewater treatment
plant in Liineburg (Germany) in April 2018 and used for ex-
periments between May and July 2018. The composition
of DSS is shown in results and discussion.

2.2 Inoculum

Inoculum consisted of an indigenous consortium isola-
ted from food waste. The food waste was collected from
Leuphana University canteen in April 2018. It consisted of
uneaten food, such as vegetables, meat and noodles. After
blending, food waste was fermented at pH 6 and 35°C in
a bioreactor (ELOFERM, Germany) for 48 hours. Samples
were taken regularly, centrifuged for 5 minutes at 4,000g
and applied as inoculum for lactic acid fermentations.

2.3 Hydrolysis of digested sewage sludge

For screening of appropriate sulphuric acid concentra-
tion for acid-catalyzed hydrolysis of DSS to make nitrogen
sources available for lactic acid fermentation, 150 g DSS
was resuspended in 100 mL demineralized water. Concen-
trated sulphuric acid (98%, v/v, 0,0.1,0.2, 0.5 or 1 mL) was
added to the different approaches (A-E), resulting in a final
sulphuric acid concentration of 0, 0.1, 0.2, 0.5 or 1% (v/v),
respectively (Martin et al., 2019). Afterwards, suspensions
were heated for 15 minutes at 121°C to enhance acid-ca-
talyzed hydrolysis followed by a centrifugation at 4,000g
for 5 minutes after cooling to 20°C. Supernatants were re-
moved and the pH set to 6 using 2 M NaOH.

For fermentation purpose, 467.2 g DSS was resuspen-

ded in 300 mL demineralized water and the volume of con-
centrated sulphuric acid added which was found appro-
priate for nutrient release. The suspension was treated as
described above.

2.4 Fermentation

Fermentation 1 was conducted twice in 100 mL flasks
containing 30 mL hydrolysate at a temperature of 35°C
and shaken at 160 rpm on an orbital shaker for 48 hours.
Initial pH was 6.8 and kept uncontrolled during fermenta-
tion. As carbon source 10 g L glucose was added. A 5%
(v/v) inoculum was used. Beside the actual fermentation,
a control fermentation without hydrolysate was conducted
once where 30 mL water was used instead of hydrolysate.
Flasks, hydrolysate and water were autoclaved at 121°C
for 15 minutes prior to experiments. Samples were taken
regularly, centrifuged at 4,000g for 5 minutes and stored at
-20°C until analysis.

To assess the impact of pH on performance, fermenta-
tion 2 was conducted twice using 500 mL DSS hydrolysate
at a set pH of 6 and a temperature of 35°C in a bioreactor
(ELOFERM, Germany) for 28 hours. Stirring was conducted
using a magnetic bar at 200 rpm. As carbon source 10 g
L glucose was added. Hydrolysate and reactor were au-
toclaved at 121°C for 15 minutes prior to experiment. pH
was kept constant by automatically adding2 M HCl or 2 M
NaOH. A 5% (v/v) inoculum was used. Samples were taken
regularly, centrifuged at 4,000g for 5 minutes and stored at
-20°C until analysis.

2.5 Analytics

To determine the dry matter of DSS an aliquot was wei-
ghed and dried at 105°C until constant weight (Dupré et
al., 2020).

Organic matter was quantified by heating 1 g dry DSS
for 4 hours at 575°C in a muffle furnace and weighing the
remainder (Dupré et al., 2020).

Protein, cellulose and hemicellulose contents were
quantified in dried DSS by near infrared spectroscopy (NIR)
using a NIR-spectrometer (Unity Scientific GmbH, Weiler
bei Bingen, Germany).

Total carbon (C) and nitrogen (N) contents of dried DSS
were measured with an elemental CN analyzer at 1150°C
(Elementaranalysator vario Max CN).

Ammonium quantification was based on the phenol
hypochlorite assay (Berthelot reaction) described in Ve-
ga-Mas et al. (2015).

Phosphate concentration was determined photomet-
rically via generation of molybdenum blue. At first, four
separate solutions were prepared: (I) Sulfuric acid (2.5 M),
(I1) potassium antimonyl tartrate solution (1.3715 g K(SbO)
C,H,0,x1/2 H,0 in 500 mL demineralized water), (lll) am-
monium molybdate solution (20 g (NH,),Mo,0,,x 4 H,0 in
500 mL demineralized water) and (IV) ascorbic acid solu-
tion (1.76 g ascorbic acid in 100 mL demineralized water).
Molybdenum reagent (V) was prepared by combining 2.5
mL (1), 0.25 mL (l1), 0.75 mL (Ill) and 1.5 mL (IV). Sample
(100 L), 900 pL demineralized water, 10 pL (Ill) and 160
pL (V) were mixed. After incubating at 60°C for 15 minutes,
absorption was measured at 880 nm.
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Glucose, lactic acid and acetic acid concentrations
were determined using HPLC (Shimadzu: LC-10AD pump,
SIL-10AD auto-sampler, CTO-10AD oven, refractive index
detector RID-20A, CBM-20A communication module): 10
pL of sample was injected on an Aminex HPX-87H column
(300 mm x 7.8 mm) and eluted isocratically with 0.4 mL
minute’ 5 mM H,SO, at 27°C. For each analyte, calibration
curves were generated with pure solutions of known con-
centration.

3. RESULTS AND DISCUSSION
3.1 Hydrolysis

DSS had a dry matter of 20.9 + 0.1% (w/w) and based on
dry weight an organic matter content of 72.5 + 0.1% (w/w),
a C-content of 35.9% (w/w), a N-content of 5.6% (w/w) and
a C-to-N-ratio of 6.4. Protein, cellulose and hemicellulose
contents (w/w) were 29.5, 14.7 and 18.5%, respectively.
Hydrolytic treatment with different concentrations of sul-
phuric acid was carried out to make nitrogen compounds,
but also other nutrients available from DSS.

In Table 1 yields in mg of glucose, acetic acid, ammo-
nium and phosphate per g DSS are shown. Glucose and
acetic acid were released at yields of 0.28 and 0.33 mg,
respectively, per g DSS when 1% (v/v) sulphuric acid was
used. Results revealed that the respective yields slightly
decreased with decreasing sulphuric acid concentration
(Table 1). The low yield of carbon compounds was expect-
ed beforehand and is explainable by the metabolization of
easily accessible carbon sources during anaerobic diges-
tion. The cellulose content in DSS can range between 88
and 150 mg g"' (Metcalf, 1991) and is in agreement with the
147 mg g” found in this study. By the hydrolytic treatment,
28 mg g glucose was released, and thus only a small frac-
tion of hemicellulose and cellulose was degraded after the
treatment 1% (v/v) sulphuric acid. A harsher treatment in
form of increased acid concentration, higher temperature
and/or longer reaction time, however, was skipped to avoid
a degradation of amino acids.

While it was possible to quantify carbon compounds
which have been released from DSS, the quantification of
free amino nitrogen compounds was hindered by the com-
plex composition of hydrolysates. For sewage sludge a ni-
trogen content of 15-40 mg g and for DSS 16-60 mg g
was found (Metcalf, 1991). The material used in this study
contained 56 mg g' (5.6%, w/w) nitrogen, which agrees
with the reported values and represents a protein content
of 295 mg g (29.5%, w/w). The release of ammonium
ranged from minimum 1.16 mg g using 0.1% (v/v) to max-

TABLE 1: Yield of compounds obtained after hydrolysis of DSS in
0% (A), 0,1% (B), 0.2% (C), 0.5% (D) or 1% (E) (v/v) sulphuric acid.

imum 1.61 mg g" using 0.5% (v/v) sulphuric acid. It should
however be admitted that already 1.39 mg g’ ammonium
was obtained when DSS was soaked in water and thermally
treated (Table 1).

In parallel to carbon and nitrogen compounds also
phosphate was released. Phosphate in digested sewage
sludge was already solubilized when DSS was soaked
in water and thermally treated (Table 1). Irrespective the
treatment, 7.10 mg g’ was released which indicates the
unnecessity of acid treatment for phosphate release. DSS
contains around 15-40 mg g"' P,0, (Metcalf, 1991). Even
though the phosphorous content is dependent on the ma-
terial used it can be assumed that a considerable fraction
has been released in this study. To obtain 80-90% (w/w)
of phosphorous, Falayi recommends a treatment for 120
minutes using 8 M KOH, 95°C and a solid-to-liquid-ratio of
4 (Falayi, 2019).

3.2 Fermentations

In Figure 1A and B is shown the production of lactic
acid in two fermentations carried out under pH-uncon-
trolled conditions using DSS hydrolysate and one fermen-
tation without hydrolysate as control (Figure 1C). When
DSS hydrolysate was mixed with 10 g L glucose lactic
acid concentration increased from 1 to around 4 g L and
glucose was completely consumed after 48 hours, while
the optical density increased slightly and the pH decreased
from 6.9 to around 3.7 (Figure 1A and B). The concentra-
tion of acetic acid did only marginally change by the ac-
tivity of acetogenic bacteria present in the inoculum and
remained below 0.25 g L™ (Figure 1A) or was not formed at
all in the repeated fermentation (Figure 1B). Contrarily, the
absence of DSS hydrolysate resulted in a reduced forma-
tion of lactic acid (increase from 1to 2 g L") and consump-
tion of glucose (from 10 to 5 g L") after 48 hours. The pH
decreased from 6.9 to 4.2. Acetic acid was not present and
the optical density (Figure 1C) was below the optical den-
sities found in fermentations carried out with hydrolysate
(Figure 1A and B).

Figure 2 illustrates the repeated fermentative produc-
tion of lactic acid using DSS hydrolysate under pH-con-
trolled conditions. Glucose concentration decreased from
10to 0 g L7, while lactic acid concentration increased from
1 to 10 g L™ within 24 hours in both fermentations. No
changes in optical density was noted, and thus around 90%
of carbon from glucose was most likely converted into lac-
tic acid. Acetic acid concentration differed between both
fermentations shown in Figure 2. In one fermentation (Fig-
ure 2A) the concentration was constant at around 1.6 g L™,
while in the other fermentation (Figure 2B) the acetic acid
concentration was 0.1 g L. The differences result from the
application of different DSS hydrolysate batches.

As a general remark, ammonium concentration was

mgg’ A B Cc D E . K .

in all fermentations between 1.4 and 1.8 g L and did not
Glucose 0.14 0.16 0.16 0-21 0.28 change over time (data not shown). It should be noted that
Lactic acid 0 0.22 0.05 0 0 an inhibition of bacteria by a high concentration of ammo-
Acetic acid 0.13 0.17 0.12 0.23 0.33 nium nitrogen, as observed in anaerobic digestion, can be
Armomir 139 116 T34 161 156 excluded (Liu et al., 2018). The tolerance of lactic acid bac-

teria regarding high ammonium nitrogen concentration is
Phosphate 8.63 9.65 8.79 10.72 9.42 . . .

an asset for the application of DSS as nitrogen source.
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FIGURE 1: Time profiles in glucose (closed circle), acetic acid (closed triangle) and lactic acid (closed diamond) concentrations as well
as optical density (open circle) in fermentations carried out under pH-uncontrolled conditions using DSS hydrolysate and inoculum (A and

B) and without hydrolysate (C) as control.
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FIGURE 2: Time profiles in glucose (closed circle), acetic acid (closed triangle) and lactic acid (closed diamond) concentrations as well
as optical density (open circle) in two fermentations (A and B) carried out under pH-controlled conditions using DSS hydrolysate and

inoculum.

The formation of lactic acid is predominantly associat-
ed to the growth of lactic acid bacteria. Berry et al. (1999)
reported from defined cultures of Lactobacillus rhamno-
sus lactic acid constants of 0.389 moles per gram growing
cells, while only 0.0025 moles per gram were formed by
non-growing cells. The supply of a nitrogen source which
is cost-efficient and useable by lactic acid bacteria is there-
fore essential to achieve high productivities. Dietz et al.

(2016) applied alfalfa green juice as nitrogen source and
obtained a yield of 0.69 g lactic acid g' glucose in batch
fermentation. It is of interest for further process develop-
ment that the juice was not further pre-treated or supple-
mented with other nutrients, and thus could be directly
applied. However, Dietz et al. (2016) admitted that differ-
ences in alfalfa culture conditions (e.g., environmental and
soil conditions) may have an impact on the nitrogen con-
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tent of juice and this aspect needs further investigation. To
illuminate this aspect, Papendiek and Venus (2014) used
the juice of legumes grown at different locations and har-
vested at different times of the year as nitrogen source in
lactic acid fermentation. They found not only considerable
differences in protein content in legumes but also differ-
ences up to 40% and 60% in lactic acid yield between study
sites and sampling dates, respectively. Ma et al. made use
of the high protein and carbohydrate contents of waste ac-
tivated sludge to substitute yeast extract in lactic acid fer-
mentation (Ma et al., 2014). In their experiments the yield
of lactic acid per g glucose was 0.97 and the final titer 96.7
g L™ after 48 hours when 7 g L™ hydrolyzed sewage sludge
and 100 g L7 glucose were applied. An application of DSS,
however, has not been investigated. Generally, the appli-
cability of DSS as nitrogen source in lactic acid fermenta-
tion is given. The control fermentation carried out without
DSS resulted only in the formation of around 1 g L™ lactic
acid. In the control, microorganisms may have consumed
remaining nitrogen originating from the food waste inocu-
lum. However, it should be admitted that also wastewater
exhibits seasonal variations in concentration of nitrogen
compounds. Tuncal et al. (2009) detected a difference in
mean concentrations of total nitrogen between summer
and winter of 8.9 mg L. Therefore, further investigations
using DSS obtained at different seasons are needed to as-
sess whether DSS is a suitable nitrogen source with con-
stant quality throughout the year.

Results further revealed that lactic acid fermentation
should not be carried out pH-uncontrolled when DSS-hy-
drolysate is used. As seen in this study at a pH of 5 and
below lactic acid bacteria seem inhibited (Figure 1). Sim-
ilar observation was made by Darwin et al. (2018) and
Peinemann et al. (2020) when pH dropped below 5. How-
ever, fermentation was effective at a controlled pH of 6.8
(Figure 2) and the yield of 0.9 g g was comparable to the
one found by Ma et al. using sewage sludge (0.97 g g”, Ma
et al., 2014) and higher compared to the yields obtained
in presence of green biomass juice (0.6-0.7 g g7, Dietz et
al., 2016; Papendiek and Venus, 2014). It should, however,
be noted that a variation in pH can be used to steer the
product portfolio. In a co-cultivation of yeast and lactic
acid bacteria, for instance, the product can be steered to-
wards ethanol at a pH below 5, while lactic acid is formed
at higher pH-values (Darwin et al., 2018; Peinemann et al.,
2020).

Sewage sludge can be, contrarily to DSS, rich in carbo-
hydrates and contents from 10 to 15% (w/w, Hu & Wang,
2019; Maeda et al,, 2009) have been reported. Howev-
er, since it seems necessary to add an additional carbon
source even though activated sewage sludge is used (Ma
et al., 2014) it seems irrespective whether lactic acid for-
mation is performed prior to or after anaerobic digestion.

4. CONCLUSIONS

DSS can be applied as nutrient source in pH-controlled
lactic acid fermentation. The potential as carbon source
is due to low yields obtained rather limited. However, the
hydrolysis of proteins in DSS provides organic nitrogen

compounds usable by lactic acid bacteria and resulting in
a decent conversion of glucose into lactic acid at a yield
of around 0.9 g g'. The combination with other organic
feedstocks, such as food waste as carbon source, could
result in cost-efficient fermentations. Further work is rec-
ommended on the investigation of the hydrolytic treatment
to improve the recovery of nitrogen compounds available
and to substitute sulphuric acid.
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