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Abstract 

The high and easy degradable sugar content of source-sorted organic household (SSOHW) 

suggests it as a promising candidate for fermentative lactic acid production. The present study 

aimed to applied bio-augmentation strategy with different lactic acid bacteria (Lactobacillus 

delbrueckii or Pediococcus acidilactici) to improve lactic acid production from non-sterile 

SSOHW. The optimum operational temperature, initial pH and total solid loading during 

fermentation were essential for lactic acid production. Lactic acid concentration of 20.7 ± 0.3 

and 16.8 ± 0.4 g/L were obtained by bio-augmenting Pediococcus acidilactici and 

Lactobacillus delbrueckii, respectively, achieving an increment of 36.2% and 10.5% 

compared to abiotic augmentation. A lactic acid yield of 0.73 g/g-sugar was achieved with 

addition of Pediococcus acidilactici, while the optical purity of LA was also improved by the 

bio-augmentation. Furthermore, response surface methodology along with the Box-Behnken 

model was applied to determine the optimal operational conditions (i.e. temperature, initial 

pH and total solid loading). Based on the outcome, the highest concentration and yield were 

31.2 g/L and 0.735 g/g-sugar at temperature of 32.4 ˚C, initial pH of 8.0 and total solid loading 

of 105.0 g/L. Finally, the predicted value was validated by scale-up experiment, and the LA 

titer and yield of scale-up fermenter was well corresponding to predicted value. The bio-

augmentation strategy and process optimization provided a simple and energy saving method 

for industrial LA production from SSHOW. With respect to environmental sustainability and 

cleaner production, the conversion of bio-waste to lactic acid is an advantageous waste 

management approach that will contribute to the transition from a petro-based economy 

towards the production and use of bio-based derived products thereby creating innovative 

value chains with lower carbon footprint and social responsibility.   

Keywords: Lactic acid; Source-sorted organic household waste; Bio-augmentation; 

Pediococcus acidilactici; Lactobacillus delbrueckii 
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1. Introduction  

Considering adverse environmental impact of fossil-derived fuels due to huge greenhouse 

gas emissions, it is necessary to develop bio-industrial processes that can accelerate the green 

transition. Household waste generated by European Union (EU) continually increased in the 

last decade, up to 247 million tons in 2017 (Eurostat, 2018). At present, landfilling and 

incineration are still the main disposal method in many countries, but it causes serious 

environmental problems (e.g. odor, leachate and greenhouse gas emissions) (Panigrahi and 

Dubey, 2019). Source separation of organic household waste, which supplies convenience for 

reusing of source-sorted organic household waste (SSOHW) to recover energy and resource 

is targeted in EU. Since the content of sugar in dry SSOHW can reach 30-40 wt% (Tsapekos 

et al., 2019; Yan et al., 2019), it constitutes the SSHOW a promising candidate for 

industrially relevant fermentation products.  

       Lactic acid (LA) is one of the most versatile platform molecules, used in food, chemical 

and pharmaceutical industry, especially as precursor to produce poly-lactic acid (PLA), a 

biodegradable plastic with wide application prospects (Venus et al., 2018; Zhang et al., 2019). 

Nowadays, 90% of industrially used LA is produced by bacterial fermentation due to low 

energy consumption, better environmental concerns and pure optical isomer L- or D- LA 

production, compared to chemical synthesis (Alves de Oliveira et al., 2018; Schwartz et al., 

2016). Up to now, LA production from pure LA bacteria (LAB) culture has been employed 

due to the high yield, optical purity and broader substrate range (Kwan et al., 2016; Kwan et 

al., 2017). However, substrate and equipment sterilization is not always feasible especially at 

industrial-up operation for the high cost due to the renewable resource (e.g. food waste) 

application (Peinemann et al., 2019; Zheng et al., 2017). Furthermore, Maillard reaction 

occurs resulting in furfural compounds formation during the sterilization and thus, these 



4 
 

compounds will inhibit the utilization and degradation of carbohydrate during fermentation 

(Zhang et al., 2008). Meanwhile, pure cultures have limited capability for both hydrolytic 

decomposition of complex materials in bio-waste and subsequent fermentation of released 

sugars to LA. On the contrary, LAB is found at high abundant in source-separate bio-waste 

and food waste, up to 90% and 80%, respectively, and thus LA could be naturally produced 

by indigenous bacteria. Fermentation of non-sterile wastes by the contained indigenous 

microorganisms is more advantageous than pure culture fermentation due to lower energy 

consumption and the overall simpler process. However, fermentation of wastes with 

indigenous microbes is often resulting in non-optimal LA yields and optical purity due to 

presence of various LAB taxa, as well as other acidogenic bacteria competing for same 

substrate as the LA bacteria leading to alternative products than LA (Peinemann et al., 2019). 

To address these challenges, bio-augmentation of the indigenous mixed culture with pure 

LAB is a potential method to not only improve LA yield and productivity by the dominated 

function of exogenous, but also maintain the capacity of the indigenous culture to hydrolyze 

complex materials. However, the efficient symbiosis between inoculated LA bacteria and 

indigenous community should be considered to build a competitive advantage with desired 

functionality.   

The bacteria selection for bio-augmentation is an important factor to affect the metabolic 

pathway, optical purity and product yield of LA fermentation. The selected LAB needs to be 

robust and has competitive advantage to the indigenous microbes. According to metabolic 

pathways, LAB could be classified two groups. Homo-fermentative LAB only produce LA 

from glucose with theoretical yield of 1.0 g/g-glucose, while hetero-fermentative LAB would 

produce by-products (e.g. acetic acid, ethanol) besides LA, with theoretical yield of 0.5 g/g-

glucose. Hence, application of homo-fermentative LAB is to be preferred when LA production 

is targeted. Lactobacillus delbrueckii and Pediococcus acidilactici are homo-fermentative 
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LAB and can grow at a wide range temperature of 20-53 ˚C (Franz et al., 2014; Pot et al., 

2014). Furthermore, Pediococcus acidilactici can grow at a broad pH range of 4.2-8.5 (Franz 

et al., 2014). It was reported that high purity (98%) D-LA could be obtained from sugarcane 

juice by Lactobacillus delbrueckii strain (de la Torre et al., 2019). Therefore, these features 

make Lactobacillus delbrueckii and Pediococcus acidilactici as good bio-augmentation 

candidates for improving LA production from biowastes.     

Besides the selection of the appropriate bio-augmentative strain, fermentation parameters 

such as pH, temperature and substrate concentration significantly influence the fermentation 

pathway and LA yield. During the LA fermentation process, the pH continuously decreases 

during the fermentation process along with LA accumulation, and most of bacteria cannot 

endure very low pH resulting to low LA yield (Alves de Oliveira et al., 2018). Thus, pH 

control is needed to maintain the pH at acceptable levels and protect bacteria cells (Othman et 

al., 2017). However, usage of buffer agents will not only increase the cost of LA production, 

but also negatively affects the subsequent separation and purification steps (Singhvi et al., 

2018). Furthermore, high pH also has negative effect on LA accumulation, because produced 

LA could be further degraded to acetic acid and ethanol (Peinemann et al., 2019). In addition, 

temperature plays an important role in LA production by affecting microbial and enzymatic 

activities (Tang et al., 2016).  The majority of LA bacteria prefer mesophilic conditions, 

though the upper limit of some thermo-tolerant Lactobacilli and Pediococci species is around 

50 ˚C (Bosma et al., 2017; Franz et al., 2014). Interestingly, high LA yield was previously 

obtained at 50 and 55 ˚C and the conversion efficiency of glucose to lactic acid reached 92% 

during non-sterile fermentation (Kim et al., 2012). For higher economic feasibility, high total 

solid loading is wished to decrease reactor volume and operational costs. However, overload 

reactors lead to lower productivity and process instability. In this context, the LA 

concentration continually decreased from 37.6 to 26.4 g-LA/L, when the organic loading rate 
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increased from 18 to 22 g TS/L d in semi-continuous reactor with food waste (Tang et al., 

2016). Furthermore, fermentation parameters affect the symbiosis between inoculated LAB 

and indigenous community, and the overall process efficiency. Therefore, due to the 

complexity of mixed culture fermentations, it is of outmost importance to establish the 

correlations between LA production and operational conditions in order to improve bio-

augmentation efficiency for LA production with SSOHW. 

The objective of this study was to evaluate the impact of bio-augmentation as a mean to 

enhance LA production with non-sterile SSOHW. Moreover, response surface methodology 

was employed to reveal the optimum temperature, initial pH and total solid loading for LA 

production at batch experiment. Subsequently, optimum conditions defined by the model 

were validated at scale-up fermenter. In addition, the optical isomers of LA were measured 

and mass balance was defined to evaluate the fermentation pathway. The present study could 

provide new strategy for simplifying the fermentation process, reducing the operating costs 

and realizing high-yield LA production from the renewable feedstock.  

   2. Material and method 

   2.1 Substrate and inoculum 

The SSOHW was collected in the form of municipal biopulp from HCS A/S Transport & 

Spedition (Glostrup, Denmark). The SSOHW was treated at the HCS facility. The 

mechanical treatment process homogenized the biowaste and discarded the non-degradable 

materials, resulting in a homogenous pulp consisting of almost pure organic waste. Before 

use, the collected SSOHW was stored at -20 °C. Substrate characteristics are shown in Table 

1. It was reported that Lactobacillus was the most abundant LAB and Pediococcus was not 

the dominating LA taxa in the household waste (Probst et al., 2013). To compared the their 

performance as the bio-augmentation strains for LA production from SSOHW, Lactobacillus 
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delbrueckii DSM 20074 and Pediococcus acidilactici NCIMB 702925 were used in this study, 

which were all obtained from The Novo Nordisk Foundation Center for Biosustainability, 

Technical University of Denmark, Denmark. The medium for bacteria was De Man, Rogosa 

and Sharpe (MRS) at pH 6.2, containing (g/L): glucose (20.0), yeast extract (4.0), peptone 

(10.0), meat extract (8.0), CH3COONa·3H2O (5.0), MgSO4·7H2O (0.2), MnSO4·4H2O (0.05), 

C6H17N3O7 (2.0), 1g/L Tween 80 (1.0). 

Table 1. Characteristics of SSOHW 

 

2.2 Experimental design  

2.2.1 Comparison of different bio-augmentation strains   

A set of batch experiment was conducted to evaluate the effect of bio-augmentation with 

two selected strains on LA production. The total solids content of the SSOHW was adjusted 

to 70 g/L with distilled water and the pH was adjusted to 6.2 with 5 mol/L NaOH. Serum 

bottles containing 90 mL SSOHW and 10 mL inoculum were prepared. For the control, the 

inoculum volume was replaced with distilled water. Before the fermentation, each bottle was 

sparged with nitrogen for 10 min to establish anaerobic condition, and then serum bottles 

were placed in 37 °C.   

2.2.2 Optimization of fermentation process 

Total 

solids 

(g/kg) 

Volatile 

solids 

(g/kg) 

NH4
+-

N 

(g/L) 

TKN 
(g/L) 

Lactic 

acid 

(g/L) 

Glucose 

(g/L) 

Xylose 

(g/L) 

Total 
VFA 
(g/L) 

Ethanol 

(g/L) 

Acetic 

acid 

(g/L) 
157.98 

± 3.51 

146.55 

± 3.20 

1.14 ± 

0.04 

5.30 ± 

0.09 

8.03 ± 

0.03 

55.94± 

0.32 

13.53± 

0.48 

4.16 ± 

0.02 

1.83 ± 

0.19 

2.23 ± 

0.20 
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Bacteria, associated to the highest LA production, were further used for the optimization 

experiments. Design Expert along with three-factor Box-Behnken design was employed for 

the experimental design and model development (Bezerra et al., 2008). Temperature (X1), 

initial pH (X2), and total solid loading (X3) were chosen as three independent variables, while 

LA concentration and yield were chosen as response variables. Table S1 illustrates the 

experimental design levels for Box-Behnken design. The detailed experimental design is 

shown in Table 2. Similar to the first test, optimization batch experiments were conducted in 

serum bottles with 90 mL SSOHW and 10 mL inoculum. The concentration of SSOHW was 

adjusted with distilled water and the pH was adjusted by adding 3 M HCl or 5 M NaOH. All 

tests were performed in triplicate. 

The response surface methodology (RSM) was used to evaluate the effect of three 

independent variables (temperature, initial pH and total solid loading) on LA production. A 

second-order model as shown in Eq. (1) was used to correlate LA concentration and yield as 

a function of the three independent variables: 

              𝑌𝑌 = 𝐴𝐴0 + 𝐴𝐴1𝑋𝑋1 + 𝐴𝐴2𝑋𝑋2 + 𝐴𝐴3𝑋𝑋3 + 𝐴𝐴12𝑋𝑋1𝑋𝑋2 + 𝐴𝐴13𝑋𝑋1𝑋𝑋3 + 𝐴𝐴23𝑋𝑋2𝑋𝑋3 + 𝐴𝐴11  X1             
2             

                                                               +𝐴𝐴22 X2 
2 + 𝐴𝐴33 X3              

2                          (1)                                                              

where Y is the predicted response; A0 is the constant; A1, A2 and A3 represents linear 

coefficients; A12, A13, A23 represents the interactive coefficients; A11, A22 and A33 is the 

quadratic coefficients.  

The analysis of variance (ANOVA) and the coefficient of determination (R2) were used to 

evaluate the reliability of the fitted second-order model. Furthermore, the maximum LA 

concentration and yield under different independent variables were estimated from Eq. (1) by 

Box-Behnken model.  
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Finally, once the optimum parameters were determined, duplicate Biostat A plus 3-L 

Fermenters (2 L working volume) were used for model verification. Before fermentation, 

nitrogen was continuously flushed into each fermenter for 20 min to ensure anaerobic 

conditions. Samples were taken every 12 h to measure sugar consumption and metabolic 

production.   

2.3 Mass balance   

Black Box Stoichiometry was followed to describe all chemical reactions by a single 

chemical equation in 3L fermenter taking into consideration the initial sugars content and 

final metabolic products (John et al., 2011). A simplified equation is shown in Eq. 2.  

−𝐶𝐶6𝐻𝐻12𝑂𝑂6 − 𝑌𝑌𝑠𝑠𝑠𝑠𝑁𝑁𝐻𝐻3 −  𝑌𝑌𝑠𝑠𝑠𝑠𝐻𝐻2𝑂𝑂 − 𝑌𝑌𝑠𝑠𝑠𝑠𝑆𝑆 − ⋯+ 𝑌𝑌𝑠𝑠𝑠𝑠𝑀𝑀𝑀𝑀 + 𝑌𝑌𝑠𝑠𝑠𝑠𝑋𝑋 + 𝑌𝑌𝑠𝑠𝑠𝑠𝐶𝐶𝑂𝑂2 + 𝑌𝑌𝑠𝑠𝑠𝑠𝑀𝑀 = 0       (2) 

Where C6H12O6 represents the sugar units, as the carbon and energy source for fermentation 

process. NH3 is considered as the nitrogen source. S is used to represent other substrate 

except for sugar. MP and P are the main- and by-product in the fermentation process. X is the 

chemical formula of biomass (CH1.8O0.5N0.2) (John et al., 2011; Lange and Heijnen, 2001; 

Schulze et al., 1996). Y is the yield coefficient.  

To calculate the cell grow, Pediococcus acidilactici NCIMB 702925 was cultured in the 

MRS medium with 20 g/L glucose at 37 °C. After 5 days culture, the cells was centrifuged at 

13000 rpm/min in centrifuge tube, and then removed the supernatant. The cells contained in 

centrifuge tube were freeze-dried for 24 h. After that, the weight of dry cell was measured to 

calculate the coefficient of biomass.  

2.4 Analytical methods 

Sugar composition in dry SSOHW was measured by thermal-acid digestion method. 

Firstly, 50 mL SSOHW was totally dried to powder by a vacuum freeze-drier. Secondly, 1.5 
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mL H2SO4 (72%) was added in balanced reaction tube contained 150 mg dry SSOHW. The 

tube was put in 37 °C incubator for 60 min and stirred every 10 minute with vortex. After that, 

42 mL distilled water was added to the tube, and then it was autoclaved at 121°C for 60 min. 

Finally, 1mL supernatant was filtered through a 0.22 µm filter to determine glucose and 

xylose in dry SSOHW by HPLC with a refractive index detector and a Bio-Rad Aminex 

HPX-87H column (300 mm × 7.8 mm).  

Glucose, xylose and lactic acid concentrations in liquid sample were also measured with 

HPLC. Gas chromatograph (TRACE 1300 from Thermo Scientific) equipped with a flame 

ionization detector (FID) was used to qualify volatile fatty acids (VFAs) production using a  

DB-FFAP silica capillary column. The pH was determined by a digital pH-meter (PHM99). 

Total solid (TS), volatile solids (VS) and NH4
+-N were measured by standard methods 

(Association, 2012). The ratio of optical isomer (L- or D- lactic acid) was checked using L- 

or D- lactate assay kit (Sigma, St. Louis, MO, USA). The LA yield based on the total sugars 

(Ys, g/g-sugar) was calculated by dividing the final LA concentration by total sugar (liquid and 

dried SSOHW) concentration.  

3. Results and discussions 

Initially, the fermentation of SSOHW was evaluated by bio-augmenting raw substrate 

with different LA strains. Specifically, L. delbrueckii and P. acidilactici were exploited as 

means to improve product yield. Furthermore, the optical isomer (L- or D-) distribution was 

monitored to compare with the results of indigenous microbiome. 

3.1 Comparison of bio-augmentation inocula 

Fig. 1 depicts LA and VFAs production during the fermentation process of SSOHW with 

L. delbrueckii and P. acidilactici. A rapid increase of LA concentration was immediately 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/refraction-index
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observed since the first day of fermentation for P. acidilactici and the maximum LA 

concentration (20.7 ± 0.3 g/L) was achieved at the second day. In contrast, LA concentration 

of L. delbrueckii and control (abiotic augmentation) showed a slower and continuously 

increasing trend during the first 4 days, achieving the maximum concentrations of 16.8 ± 0.4 

and 15.2 ± 0.2 g/L, respectively. It was reported that Lactobacillus were the dominant 

fermentative bacteria and their relative abundant reached 60.0% in the SSHOW and 43.6 % 

in food waste (Probst et al., 2013; Tang et al., 2016). Thus, it was presumed that addition of L. 

delbrueckii was not able to dominate the fermentative microbial community, and could 

explain the lower LA concentration and longer time for LA fermentation compared to P. 

acidilactici. However, addition of L. delbrueckii still resulted in the increase of the LA 

production compared to abiotic augmentation. A slight declining trend of LA concentration 

was obtained for P. acidilactici (Fig.1a). LA can be converted to VFA and hydrogen, which 

are further degraded to acetic acid and ethanol (Li et al., 2016; Park et al., 2016). Therefore, 

accumulation of LA would resulted in increase of VFA yields. In this study, non-sterilized 

SSOHW was used as substrate, so that the H2 and VFA producing fermentative bacteria 

could proliferate during the fermentation process. The LA yields (YLA) of P. acidilactici and 

L. delbrueckii were 0.73, 0.60 g/g-sugar, which were 33.3% and 15.7% higher than abiotic 

treatment (P<0.05), respectively. Therefore, the bio-augmentation increased the LA 

production, and higher LA concentration and yield were obtained with P. acidilactici as 

inoculum compared to L. delbrueckii.  
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Fig.1 Lactic acid (a) and VFAs (b) production at temperature of 37 ˚C, initial pH of 6.25 and 

total solid loading of 70 g/kg with Lactobacillus delbrueckii DSM 20074 and Pediococcus 

acidilactici NCIMB 702925  

The main by-products were acetic acid and ethanol, which could inhibit the fermentation 

process at high concentration (Castillo Martinez et al., 2013). As shown in Fig.1b, most of 

ethanol was produced during the first 2 days of fermentation, reaching 3.3 ± 0.2, 1.9 ± 0.03 

and 1.8 ± 0.02 g/L with P. acidilactici, L. delbrueckii and abiotic treatment, respectively. At 

the same timeframe, acetic acid concentration also enhanced by 2.1, 1.3 and 0.7 folds. These 

observations can be attributed to two reasons. Firstly, despite Pediococcus genera are homo-

fermentative lactic acid bacteria and produce lactic acid via Embden- Meyerhof- Parnas 

(EMP) pathway (Eq. 3) (Abdel-Rahman et al., 2011), it was previously shown that ethanol 

and acetate are produced in mixed acid fermentation by homo-fermentative strains (Bosma et 

al., 2017). At the same time, ethanol and acetic acid can be produced by Phosphoketolase 

(PK) pathway during the LA fermentation process (Eq. 4 and 5) (Abdel-Rahman et al., 2013; 

Castillo Martinez et al., 2013).  

𝐶𝐶6𝐻𝐻12𝑂𝑂6 → 2 𝐶𝐶3𝐻𝐻6𝑂𝑂3 + 2𝐴𝐴𝐴𝐴𝑀𝑀                                                                (3) 

𝐶𝐶6𝐻𝐻12𝑂𝑂6 → 𝐶𝐶3𝐻𝐻6𝑂𝑂3 + 𝐶𝐶𝑂𝑂2 +  𝐶𝐶2𝐻𝐻6𝑂𝑂 + 𝐴𝐴𝐴𝐴𝑀𝑀                                    (4) 
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𝐶𝐶6𝐻𝐻12𝑂𝑂6 → 𝐶𝐶3𝐻𝐻6𝑂𝑂3 + 𝐶𝐶𝑂𝑂2 +  𝐶𝐶2𝐻𝐻4𝑂𝑂2  + 2𝐴𝐴𝐴𝐴𝑀𝑀 + 2𝑁𝑁𝐴𝐴𝑁𝑁𝐻𝐻           (5)   

In this study, non-sterilized SSOHW was used as substrate and the naturally existing hetero-

fermentative LA bacteria could have driven the ethanol and acetic acid production during the 

fermentation process (Peinemann et al., 2019; Tang et al., 2016). On the other hand, xylose 

was also available in SSOHW. Indeed, most of the LA bacteria convert 2 of 5 carbons in 

xylose to acetic acid at maximum theoretical yield of 0.6 g/g-xylose (Cubas-Cano et al., 2019). 

Meanwhile, there was an obvious increase of acetic acid at the last 2 days using P. 

acidilactici, while LA concentration decreased. Same trend was obtained by Dreschke et al. 

who reported that LA concentration decreased form 20.7 to 15.3 g/L, but acetic acid 

concentration increased from 10.7 to 16.5 g/L after 24 h of LA fermentation (Dreschke et al., 

2015). Therefore, the increase of acetic acid was attributed to LA degradation. Moreover, 1-

propanol was also continually produced during the fermentation process.  

The optical isomer (L- or D-) distribution of LA was also analyzed and the main optical 

isomer of raw SSOHW was D-LA, accounted for 73.1 ± 2.6 %. After fermentation, the main 

optical isomer was changed to L-LA, which were 70.1 ± 3.1%, 62.0 ± 1.8% and 52.1 ± 1.2% 

with P. acidilactici, L. delbrueckii and abiotic treatment, respectively. As the physical 

properties of P-LA depends on isomeric composition of LA, the higher content of optical 

purity the more valuable for thermostable polymer and industrial application it is 

(Juodeikiene et al., 2015). Apparently, LA produced from indigenous microbiome in the raw 

SSOHW could markedly affect the optical purity of final LA after fermentation. To improve 

LA optical purity, short period between collection and fermentation could contribute to avoid 

the naturally LA production before fermentation and enhance optical purity of fermentative 

LA. Moreover, the bio-augmentation of P. acidilactici increased the L-LA purity, compared 

to abiotic augmentation. Hence, adaptive evolution of P. acidilactici to SSHOW could be a 

method to further enhance the optical purity of fermentative LA. Through these efforts, the 

https://www.sciencedirect.com/science/article/pii/S0960852414015685?via%3Dihub)#!
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fermentative LA could fulfill the minimum requirement for the subsequent polymerization 

into PLA. 

3.2 Optimization of fermentation process for LA production 

Subsequently, response surface methodology was followed to reveal the optimum 

operational conditions for LA production at batch mode operation. Based on the initial tests, a 

higher LA concentration and optical isomer composition was obtained with P. acidilactici as 

inoculum and thus, it was used in the optimization process. Once optimum conditions were 

defined, model outcome was confirmed at scale-up operation. 

3.2.1 Box-Behnken model application  

According to the design of Box-Behnken model, 15 experiments were conducted to 

optimize three individual parameters for LA production, and the design matrix of variables 

with experimental results and predicted responses are shown in Table 2. The experimental 

data was analyzed using multiple regression analysis, and the second-order model Eqs. (6-7) 

were obtained by fitting the experimental results to RSM model: 

𝑌𝑌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = −33.97316 + 1.29020𝑋𝑋1 + 4.25510𝑋𝑋2 + 0.215347𝑋𝑋3 − 0.021224𝑋𝑋1𝑋𝑋2                 

  −0.001429𝑋𝑋1𝑋𝑋3 + 0.035510𝑋𝑋2𝑋𝑋3 − 0.016167X12 − 0.359592 X2 
2  

                            −0.001164 X3 
2                                                                                            (6) 

𝑌𝑌𝑦𝑦𝑡𝑡𝑡𝑡𝑦𝑦𝑦𝑦 = −0.759852 + 0.037141𝑋𝑋1 + 0.235645𝑋𝑋2 + 0.000631𝑋𝑋3 − 0.000748𝑋𝑋1𝑋𝑋2

+ 0.000042𝑋𝑋1𝑋𝑋3 + 0.000407𝑋𝑋2𝑋𝑋3 − 0.000550X12 − 0.015086 X2 
2  

− 0.000037 X3 
2                                                                                            (7)   
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where Ytiter, and Yyield are the predicted responses of LA concentration and yield with P. 

acidilactici. X1, X2 and X3 represent three independent variables of temperature, initial pH and 

total solid loading, respectively. 

Table 2. Experimental design for building the response surface model 

 Real values Response 

Temperature 
(°C) pH Total solid 

loading (g/L) 

LA 
(g/L) 

Predicted 
LA (g/L) 

Yield 
(gLA/gsugar) 

Predicted 
(gLA/gsuga

r) 
1 20 6.25 105 24.20 25.34 0.57 0.57 
2 37 4.50 105 21.40 20.89 0.50 0.51 

3 55 6.25 35 5.60 4.46 0.40 0.39 
4 20 8.00 70 19.40 20.25 0.68 0.71 

5 37 6.25 70 20.30 20.40 0.73 0.72 
6 55 6.25 105 16.80 18.16 0.39 0.41 
7 37 8.00 105 32.30 30.31 0.76 0.72 

8 20 4.50 70 14.50 13.87 0.51 0.50 
9 55 8.00 70 12.90 13.53 0.45 0.46 

10 55 4.50 70 10.60 9.75 0.37 0.34 
11 37 4.50 35 7.80 9.79 0.55 0.58 

12 20 6.25 35 9.50 8.14 0.67 0.65 
13 37 8.00 35 10.00 10.51 0.71 0.70 
14 37 6.25 70 20.74 20.40 0.73 0.72 

15 37 6.25 70 20.16 20.40 0.71 0.72 
 

ANOVA was used to evaluate the accuracy of the model, and the results are shown in 

Table. 3. The p-value of RSM model for LA titer and yield were all less than 0.006, which 

indicated RSM model was significant and well-described the effect of three independent 

variables. The lack of fit, which was calculated from pure error and residual, was not 

significant (p>0.05), indicating that the model could adequately fit the experimental results 

(Shahedi et al., 2019). To further verify the obtained model, the correlation coefficient (R2) 

and adjusted correlation coefficiency (adjusted R2) was used to check the goodness of fit. The 
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R2 of Eq. (5) and (6) were 0.976 and 0.978 and, only 2.4% and 2.2% of sample variation 

could not be fitted by the model. At the same time, high adjusted R2 of 0.922, and 0.928 was 

achieved for models of LA concentration and yield, indicating the significance of models. 

The plot of predicted versus experimental values also directly described the model fitness 

(Fig. S1). All points clustered around diagonal line, indicating a good correlation between 

predicted and experimental values. Therefore, the models could be reliably and accurately 

describe three independent variables (initial pH, temperature and total solid loading) on LA 

titer and yield. 

Table 3. Analysis of variance (ANOVA) for full quadratic model 

 ANOVA 

Sum of squares  Degree of 

  

Mean 

  

F-value  P-value  

LA titer  Model  692.65 9 76.96 18.06 0.0067 

Lack of fit 16.95 3 5.65 62.13 0.0929 

Pure error  0.091 1 0.091   

R2 0.976     

Adjusted R2 0.922     

LA yield Model  0.2405 9 0.0267 19.54 0.0058 

Lack of fit 0.0054 3 0.0018 15.59 0.1836 

Pure error  0.0084 1 0.0001   

R2 0.978     

Adjusted R2 0.928     

 

Response surface plots (Fig. 2 and 3) for LA titer and yield with P. acidilactici were used 

to understand the interaction of independent variables and determine optimum levels for 

maximum response, based on the regression equations Eq.(5) and (6). Fig.2a and b displays 

the response surface and contour plot of pH and how temperature changes affect LA titer, 

while the total solid loading was kept at central level. The temperature displayed a quadratic 
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effect on LA production. The LA titer decreased at low and high levels of temperature, 

especially at high level. The highest LA titer was at temperature of 27-37 °C and the obvious 

inhibition of LA production was observed, as temperature was higher than 40 °C. It indicated 

the symbiosis of P. acidilactici and indigenous microbiota was not efficient at elevated 

temperature. This result was opposite to that of Franz et al. and Bosma et al. who concluded 

that P. acidilactici was highly resistant to high temperature and grew well at around 50 °C 

with glucose as the carbon source (Bosma et al., 2017; Franz et al., 2014). The LA titer 

slightly declined with initial pH decrease and the highest LA titer was achieved at initial pH 

of 8. It was reported that LA production was much lower at low pH conditions, because 

undissociated LA inhibits the metabolism of LA bacteria (Dalié et al., 2010; Li et al., 2015). 

Linear effect on LA production was obtained for the individual variable of initial pH. As 

shown in Fig 2c and d, the LA titer was increased at higher total solid loading, and the linear 

effect on LA titer was observed for total solid loading. Insignificant titer changes were 

detected at temperature in the range of 20 - 40 °C, but a significant decrease was shown 

above 40 °C. In addition, the individual variables of total solid loading and initial pH for LA 

titer exhibited linear effect (Fig.2e and f). Therefore, Higher LA titer could got at higher total 

solid loading and initial pH. However, the effect of substrate load was much greater on LA 

titer compared to initial pH. 



18 
 

  

  

  

Fig. 2 Response surface plots and contour plots of lactic acid titer with Pediococcus 

acidilactici as a function of: (a) and (b) initial pH and temperature at substrate load of 70 g/L; 

(c) and (d) substrate load and temperature at initial pH of 6.2; (e) and (f) substrate load and 

initial pH at 37 °C 
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Fig. 3a and b shows the response surface and contour plots of initial pH and temperature 

interaction on LA yield, keeping the total solid loading at central level. The temperature 

demonstrated a quadratic effect on LA yield, while the pH showed a linear effect. The LA 

yield was markedly decreased at the lowest and highest examined temperature, when the 

initial pH was lower than 6.6. In contrast, the yield was slightly decreased at low temperature 

when initial pH was higher than 6.6, showing the existence of considerable interaction 

between temperature and initial pH. From the contour plot, higher LA yield was obtained at 

the temperature of 20-41 °C at initial pH from 5.9 to 8 (Fig 3b). The interaction effect of total 

solid loading and temperature on LA yield is shown in Fig. 3c and d, as initial pH was kept as 

central level. Quadratic effect on LA yield was observed for individual variables of total solid 

loading and temperature. The highest LA yield (0.735 g/g-sugar) was nearly at the middle of 

the total solid loading and temperature. Furthermore, there was obvious variation of LA yield 

at different of total solid loading levels with temperature increase, indicating a significant 

interaction effect between total solid loading and temperature. Fig. 3e and f shows the 

interaction of total solid loading and initial pH on LA yield. Initial pH displayed a linear 

effect on LA yield, which increased with increasing initial pH. Total solid loading showed a 

quadratic effect on LA yield, but insignificant changes were shown at constant initial pH, 

indicating that the effect of initial pH on LA yield was significantly higher compared to total 

solid loading. 
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Fig. 3 Response surface plots and contour plots of lactic acid yield with Pediococcus 

acidilactici as a function of: (a) and (b) initial pH and temperature at substrate load of 70 g/L; 

(c) and (d) substrate load and temperature at initial pH of 6.2; (e) and (f) substrate load and 

initial pH at 37 °C 



21 
 

Therefore, the P. acidilactici and indigenous microbiota for LA production was 

significantly inhibited at the temperature above 45 °C. The effect of temperature and total 

solid loading on LA titer was much greater than initial pH, while the highest of LA titer and 

yield were all achieved at the highest initial pH and moderate temperature. Higher substrate 

load could obtain higher LA titer, while high LA yield was observed at wide range of total 

solid loading. This suggested that P. acidilactici and indigenous microbiota could efficiently 

utilize the sugar in SSOHW at a total solids loading ranging from 35 to 105 g/L, under the 

optimum temperature and initial pH conditions.      

3.2.2 Scale-up and model validation  

Optimum conditions and predicted value for LA titer and LA yield were obtained by 

Design-Expert in response surface methodology optimizer. The optimum condition were 

temperature of 32.4 °C, initial pH of 8 and total solid loading of 105 g/L, when LA titer and 

LA yield were set as the maximum response at the same time. The predicted value of LA titer 

and yield were 31.2 g/L and 0.735 g/g-sugar. To authenticate the optimum conditions, duplicate 

scale-up fermentation were conducted at automatized fermenters. 
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Fig. 4 Lactic acid and VFAs production of 2L fermenter 

As shown in Fig. 4a, the highest LA titer was 31.9 ± 0.4 g/L and the LA yield was 0.742 

g /g-sugar, which was in agreement with the predicted value by the RSM optimizer. Thus, the 
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model could reliably forecast the LA production with P. acidilactici within the examined 

ranges of temperature (20-55 °C), initial pH (4.5-8.0) and total solid loading (35-105 g/L). 

The highest fraction of LA was produced at the first 3 days and the concentration increased 

from 6.1 ± 0.03 to 30.9 ± 0.1 g/L, however, a lag phase was observed at the first day. The pH 

sharply decreased from 8 to 4.07 at first 3 days, and then was slightly decreased to 4.01. It 

was reported that most of P. acidilactici strains preferred to grow at controlled pH range of 

5.5-6.5 (Qiu et al., 2018; Qureshi et al., 2017; Zhao et al., 2013). Therefore, high pH resulted 

in the lag phase at first day, while the low pH inhibited the metabolism of LA bacteria and 

ceased the further production of lactic acid after 3 day.     

The main by-products were acetic acid, ethanol and butyric acid (Fig. 4b). Acetic acid 

and butyric acid sharply increased from 1.5 ± 0.2 and 0.06 ± 0.005 g/L to 2.8 ± 0.07 and 0.4 ± 

0.001 g/L at the first day, while they were almost unchanged at the last 4 days. Ethanol 

sharply increased from 1.3 ± 0.09 to 4.8 ± 0.02 g/L at the first 3 days, showing the same trend 

with LA production. It was previously reported that the final acetic acid and ethanol 

concentration were 7 and 1 g/L using non-sterile food waste inoculated with Streptococcus sp. 

(Peinemann et al., 2019). Similarly, in a study conducted by Tang et.al (Tang et al., 2016), 

who used the no-sterile food waste, 5.5 g/L acetic acid and 9.8 g/L VFAs were obtained at 

temperature of 37 ˚C, pH of 6 and organic load of 22 g-TS/L d. In the present study, the final 

acetic acid, ethanol and total VFAs concentration were 2.8, 4.6 and 8.0 g/L. Therefore, the 

level of by-product was relatively low compared to previous works considering that non-

sterile SSOHW was used for LA production.  

To investigate the sugar consumption and the potential LA production, the conversion 

from sugar to LA was analyzed. Fig. 5 summarizes sugar consumption and the main products. 

The sugar consumption was 33.52 ± 1.2 g/L, and the amount of lactic acid, acetic acid, 

ethanol and VFAs were 25.81 ± 0.8, 1.16 ± 0.1, 3.24 ± 0.3 and 4.83 ± 0.5 g/L, respectively. 
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The maximum theoretical LA yield for sugar consumption was 1.0 g/g-sugar. In this study, the 

yield of lactic acid for sugar consumption was 0.77 g/g-sugar, while the yield of VFAS was 0.14 

g/g-sugar. Except for lactic acid and VFAs, a part of sugar was utilized to produce CO2 and cell 

mass. According to the data of grown cell measurement (data not shown), the yield of cell 

mass was 0.036 ± 0.002g/g-sugar. It was reported that the cell mass produced in anaerobic 

fermentation process rarely exceeds 5 wt%, as the reaction carried out in aqueous conditions 

(John et al., 2011). Therefore, the yield of cell mass for P. acidilactici was used to represent 

the grown cell mass in scale-up fermenter. According to the concentration of substrate, 

metabolic products and cell mass, a simplified stoichiometric equation was obtained to 

describe the overall conversion from substrate to metabolic production during the 

fermentation process by Black Box Stoichiometry (Eq. (8)).    

𝐶𝐶6𝐻𝐻12𝑂𝑂6 + 0.015𝑁𝑁𝐻𝐻3 +  0.043𝐻𝐻2𝑂𝑂 → 1.488 𝐶𝐶3𝐻𝐻6𝑂𝑂3 + 0.365 𝐶𝐶2𝐻𝐻60 + 0.100𝐶𝐶2𝐻𝐻4𝑂𝑂2 

+ 0.015𝐶𝐶4𝐻𝐻8𝑂𝑂2 + 0.074 𝐶𝐶𝐻𝐻1.8𝑂𝑂0.5𝑁𝑁0.2 + 0.474 𝐶𝐶𝑂𝑂2 + 0.181𝐻𝐻2                (8) 

 

Fig. 5 Sugar consumption and the main products of scale-up fermenter 
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3.3. Comparison of lactic acid production from renewable feedstocks 

A comparative summary of different feedstocks for LA production in open fermentation 

mode is given in Table 4. Regarding lignocellulosic materials, LA titer from sweet sorghum 

bagasse and sophora flavescens residues previously reached 111.0 and 30.9 g/L, respectively 

(Djukić-Vuković et al., 2019; Zheng et al., 2017). Despite the application of thermal and 

alkaline pretreatments to disrupt the lignocellulosic matrix, LA yield obtained were lower 

than 0.56 g/g-sugar. In contrast, the use of more degradable feedstock as the distillery stillage 

resulted in LA yields of 0.38 and 0.69 g/g-sugar for non-pretreated and ultrasound pretreated 

biomass, respectively (Djukić-Vuković et al., 2019). Recently, food waste and municipal 

waste were considered as suitable substrate for LAB growth and fermentative LA production, 

due to the high abundant of indigenous LAB microbiota. Making use of the indigenous 

microbiota and with no substrate pre-treatment, LA titer and yield of 30.4 g/L and 0.46 g/g-

sugar were obtained, respectively (Tang et al., 2016). Similarly, (Peinemann et al., 2019) 

investigated the LA production from untreated food waste using the indigenous consortium, 

obtaining a LA yield of 0.47 g/g-sugar. Subsequently, the addition of glucoamylase enhanced 

the yield to 0.63 g/g-sugar.  

In the present work, the bio-augmentation of P. acidilactici and process optimization 

model was applied to produce LA from SSOHW. The highest LA yield of 0.74 g/g-sugar was 

achieved at moderate temperature of 32.4 °C, favoring the LA yield. Simultaneously, the 

open fermentation model does not need the expensive and energy-consuming sterilization 

process, which accounts for 15-20% of total operation cost (González et al., 2007; Liu et al., 

2015). Moreover, the cost for LA production would further reduce, as the harsh pretreatments 

of SSHOW are not needed. Overall, bio-augmentation is a straightforward and promising 

method for industrial applications that can simplify the fermentation process, reduce the 

operating costs and enhance LA production from the SSHOW. 
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Table 4. Comparison of LA production in an open fermentation mode based on different 

feedstock and methods. 

Substrate Hydrolysis LA bacteria T 
(°C ) 

LA titer 
(g/L) 

LA yield 
(g/g_sug

ar) 

Reference 

Sweet sorghum 
bagasse 

Heat and 
NaOH 

B. coagulans 
LA1507 50 111.00 0.44 (Wang et 

al., 2016) 
Sophora 

flavescens 
residues  

NaOH  L. casei 
CICC 6106 37 30.90 0.56 (Zheng et 

al., 2017) 

Distillery 
stillage 

-- L. rhamnosus 
ATCC 7469 

41 13.66 0.38 
(Djukić-

Vuković et 
al., 2019) 

Ultrasound  41 24.43 0.69  
 

Food waste -- Indigenous 
microbiota  25 30.40 0.46 (Tang et 

al., 2016) 

Food waste -- Indigenous 
microbiota 

35 38.00 0.47 
(Peineman

n et al., 
2019) 

 Glucoamyla
se 35 50.00 0.63  

SSHOW -- 

P. 
acidilactici 

NCIMB 
702925 

32.4 31.90 0.74 This study 

 

4.  Conclusions  

The characteristics of source-sorted organic household waste settle it as a potential 

substrate for lactic acid production. Thus, Pediococcus acidilactici and Lactobacillus 

delbrueckii were used as the bio-augmentation inocula from this biowaste. P. acidilactici has 

been proved superior in terms of lactic acid concentration and yield. Based on the 

optimization model, the optimum temperature, initial pH and total solid loading were 32.4 °C, 

8 and 105 g-TS /L, respectively. Scale-up fermentation tests were conducted to validate 

model’s outcome. The experimental titer (31.9 g/L) and yield (0.742 g/g-sugar) were in 

agreement with the predicted values (31.2 g/L, 0.735 g/g-sugar). Potentially, the bio-
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augmentation strategy is a simple and promising tool to improve the industrial LA 

fermentation via the reduction of operating costs and the sustainable exploitation of 

underutilized resources. However, the symbiosis between inoculated LA bacteria and 

indigenous community should be further explored with respect to microbiological aspects. 

Adaptation and evolution of bio-augmented strains could be explored to further improve 

process performance.    

Acknowledgements 

         Zengshuai Zhang would like to thank financial support from the China Scholarship 

Council, China (CSC). The authors would like to thank the help from technician Hector 

Hernan Caro Garcia. 

Reference:  

Abdel-Rahman, M.A., Tashiro, Y., Sonomoto, K., 2011. Lactic acid production from 

lignocellulose-derived sugars using lactic acid bacteria: Overview and limits. Journal of 

Biotechnology 156, 286-301. 

Abdel-Rahman, M.A., Tashiro, Y., Sonomoto, K., 2013. Recent advances in lactic acid 

production by microbial fermentation processes. Biotechnology Advances 31, 877-902. 

Alves de Oliveira, R., Komesu, A., Vaz Rossell, C.E., Maciel Filho, R., 2018. Challenges and 

opportunities in lactic acid bioprocess design-From economic to production aspects. 

Biochemical Engineering Journal 133, 219-239. 

Association, A.P.H., 2012. APHA Standard Methods for the Examination of Water and 

Wastewater. Washington, DC, USA. 



27 
 

Bezerra, M.A., Santelli, R.E., Oliveira, E.P., Villar, L.S., Escaleira, L.A., 2008. Response 

surface methodology (RSM) as a tool for optimization in analytical chemistry. Talanta 76, 

965-977. 

Bosma, E.F., Forster, J., Nielsen, A.T., 2017. Lactobacilli and pediococci as versatile cell 

factories - Evaluation of strain properties and genetic tools. Biotechnology Advances 35, 419-

442. 

Castillo Martinez, F.A., Balciunas, E.M., Salgado, J.M., Domínguez González, J.M., 

Converti, A., Oliveira, R.P.d.S., 2013. Lactic acid properties, applications and production: A 

review. Trends in Food Science & Technology 30, 70-83. 

Cubas-Cano, E., González-Fernández, C., Tomás-Pejó, E., 2019. Evolutionary engineering of 

Lactobacillus pentosus improves lactic acid productivity from xylose-rich media at low pH. 

Bioresource Technology 288, 121540-121549. 

Dalié, D.K.D., Deschamps, A.M., Richard-Forget, F., 2010. Lactic acid bacteria - Potential 

for control of mould growth and mycotoxins: A review. Food Control 21, 370-380. 

de la Torre, I., Ladero, M., Santos, V.E., 2019. Production of D-lactic acid by L. delbrueckii 

growing on orange peel waste hydrolysates and model monosaccharide solutions: effects of 

pH and temperature on process kinetics. Biomass Conversion and Biorefinery 9, 565-575. 

Djukić-Vuković, A., Lazović, S., Mladenović, D., Knežević-Jugović, Z., Pejin, J., Mojović, 

L., 2019. Non-thermal plasma and ultrasound-assisted open lactic acid fermentation of 

distillery stillage. Environmental Science and Pollution Research 26, 35543-35554. 

Dreschke, G., Probst, M., Walter, A., Pümpel, T., Walde, J., Insam, H., 2015. Lactic acid and 

methane: Improved exploitation of biowaste potential. Bioresource Technology 176, 47-55. 



28 
 

Eurostat, 2018. Municipal waste generation. https://ec.europa.eu/eurostat/statistics-

explained/index.php/Municipal_waste_statistics#Municipal_waste_generation. 

Franz, C.M.A.P., Endo, A., Abriouel, H., Reenen, C.A.V., Gálvez, A., Dicks, L.M.T., 2014. 

The genus Pediococcus. Lactic Acid Bacteria. 

González, M.I., Álvarez, S., Riera, F., Álvarez, R., 2007. Economic evaluation of an 

integrated process for lactic acid production from ultrafiltered whey. Journal of Food 

Engineering 80, 553-561. 

John, V., Jens, N., Gunnar, L., 2011. Bioreaction Engineering Principles. Kluwer 

Academic/Plenum Publishers, New York. 

Juodeikiene, G., Vidmantiene, D., Basinskiene, L., Cernauskas, D., Bartkiene, E., Cizeikiene, 

D., 2015. Green metrics for sustainability of biobased lactic acid from starchy biomass vs 

chemical synthesis. Catalysis Today 239, 11-16. 

Kim, D.-H., Lim, W.-T., Lee, M.-K., Kim, M.-S., 2012. Effect of temperature on continuous 

fermentative lactic acid (LA) production and bacterial community, and development of LA-

producing UASB reactor. Bioresource Technology 119, 355-361. 

Kwan, T.H., Hu, Y., Lin, C.S.K., 2016. Valorisation of food waste via fungal hydrolysis and 

lactic acid fermentation with Lactobacillus casei Shirota. Bioresource Technology 217, 129-

136. 

Kwan, T.H., Vlysidis, A., Wu, Z., Hu, Y., Koutinas, A., Lin, C.S.K., 2017. Lactic acid 

fermentation modelling of Streptococcus thermophilus YI-B1 and Lactobacillus casei Shirota 

using food waste derived media. Biochemical Engineering Journal 127, 97-109. 

https://ec.europa.eu/eurostat/statistics-explained/index.php/Municipal_waste_statistics#Municipal_waste_generation
https://ec.europa.eu/eurostat/statistics-explained/index.php/Municipal_waste_statistics#Municipal_waste_generation


29 
 

Lange, H.C., Heijnen, J.J., 2001. Statistical reconciliation of the elemental and molecular 

biomass composition of Saccharomyces cerevisiae. Biotechnology and Bioengineering 75, 

334-344. 

Li, X., Chen, Y., Zhao, S., Chen, H., Zheng, X., Luo, J., Liu, Y., 2015. Efficient production 

of optically pure l-lactic acid from food waste at ambient temperature by regulating key 

enzyme activity. Water Research 70, 148-157. 

Li, X., Zhang, W., Ma, L., Lai, S., Zhao, S., Chen, Y., Liu, Y., 2016. Improved production of 

propionic acid driven by hydrolyzed liquid containing high concentration of l-lactic acid from 

co-fermentation of food waste and sludge. Bioresource Technology 220, 523-529. 

Liu, G., Sun, J., Zhang, J., Tu, Y., Bao, J., 2015. High titer l-lactic acid production from corn 

stover with minimum wastewater generation and techno-economic evaluation based on 

Aspen plus modeling. Bioresource Technology 198, 803-810. 

Othman, M., Ariff, A.B., Rios-Solis, L., Halim, M., 2017. Extractive Fermentation of Lactic 

Acid in Lactic Acid Bacteria Cultivation: A Review. Frontiers in Microbiology 8, 12-21. 

Panigrahi, S., Dubey, B.K., 2019. A critical review on operating parameters and strategies to 

improve the biogas yield from anaerobic digestion of organic fraction of municipal solid 

waste. Renewable Energy 143, 779-797. 

Park, J.-H., Lee, S.-H., Ju, H.-J., Kim, S.-H., Yoon, J.-J., Park, H.-D., 2016. Failure of 

biohydrogen production by low levels of substrate and lactic acid accumulation. Renewable 

Energy 86, 889-894. 



30 
 

Peinemann, J.C., Demichelis, F., Fiore, S., Pleissner, D., 2019. Techno-economic assessment 

of non-sterile batch and continuous production of lactic acid from food waste. Bioresource 

Technology 289, 121631-121638. 

Pot, B., Felis, G.E., Bruyne, K.D., Tsakalidou, E., Papadimitriou, K., Leisner, J., Vandamme, 

P., 2014. The genus Lactobacillus. Lactic Acid Bacteria, 249-353. 

Probst, M., Fritschi, A., Wagner, A., Insam, H., 2013. Biowaste: A Lactobacillus habitat and 

lactic acid fermentation substrate. Bioresource Technology 143, 647-652. 

Qiu, Z., Gao, Q., Bao, J., 2018. Engineering Pediococcus acidilactici with xylose assimilation 

pathway for high titer cellulosic l-lactic acid fermentation. Bioresource Technology 249, 9-15. 

Qureshi, A.S., Zhang, J., da Costa Sousa, L., Bao, J., 2017. Antibacterial peptide secreted by 

Pediococcus acidilactici enables efficient cellulosic open l-lactic acid fermentation. ACS 

Sustainable Chemistry & Engineering 5, 9254-9262. 

Schulze, U., Lidén, G., Nielsen, J., Villadsen, J., 1996. Physiological effects of nitrogen 

starvation in an anaerobic batch culture of Saccharomyces cerevisiae. Microbiology  

142, 2299-2310. 

Schwartz, T.J., Shanks, B.H., Dumesic, J.A., 2016. Coupling chemical and biological 

catalysis: a flexible paradigm for producing biobased chemicals. Current Opinion in 

Biotechnology 38, 54-62. 

Shahedi, M., Yousefi, M., Habibi, Z., Mohammadi, M., As'habi, M.A., 2019. Co-

immobilization of Rhizomucor miehei lipase and Candida antarctica lipase B and 



31 
 

optimization of biocatalytic biodiesel production from palm oil using response surface 

methodology. Renewable Energy 141, 847-857. 

Singhvi, M., Zendo, T., Gokhale, D., Sonomoto, K., 2018. Greener L-lactic acid production 

through in situ extractive fermentation by an acid-tolerant Lactobacillus strain. Applied 

Microbiology and Biotechnology 102, 6425-6435. 

Tang, J., Wang, X., Hu, Y., Zhang, Y., Li, Y., 2016. Lactic acid fermentation from food 

waste with indigenous microbiota: Effects of pH, temperature and high OLR. Waste 

Management 52, 278-285. 

Tsapekos, P., Alvarado-Morales, M., Kougias, P.G., Konstantopoulos, K., Angelidaki, I., 

2019. Co-digestion of municipal waste biopulp with marine macroalgae focusing on sodium 

inhibition. Energy Conversion and Management 180, 931-937. 

Venus, J., Fiore, S., Demichelis, F., Pleissner, D., 2018. Centralized and decentralized 

utilization of organic residues for lactic acid production. Journal of Cleaner Production 172, 

778-785. 

Yan, M., Fotidis, I.A., Tian, H., Khoshnevisan, B., Treu, L., Tsapekos, P., Angelidaki, I., 

2019. Acclimatization contributes to stable anaerobic digestion of organic fraction of 

municipal solid waste under extreme ammonia levels: Focusing on microbial community 

dynamics. Bioresource Technology 286, 121376-121382. 

Zhang, B., He, P.-j., Ye, N.-f., Shao, L.-m., 2008. Enhanced isomer purity of lactic acid from 

the non-sterile fermentation of kitchen wastes. Bioresource Technology 99, 855-862. 

Zhang, C., Yang, H.-Q., Wu, D.-J., 2019. Study on the reuse of anaerobic digestion effluent 

in lactic acid production. Journal of Cleaner Production 239, 118028-118035. 



32 
 

Zhao, K., Qiao, Q., Chu, D., Gu, H., Dao, T.H., Zhang, J., Bao, J., 2013. Simultaneous 

saccharification and high titer lactic acid fermentation of corn stover using a newly isolated 

lactic acid bacterium Pediococcus acidilactici DQ2. Bioresource Technology 135, 481-489. 

Zheng, J., Gao, M., Wang, Q., Wang, J., Sun, X., Chang, Q., Tashiro, Y., 2017. Enhancement 

of l-lactic acid production via synergism in open co-fermentation of Sophora flavescens 

residues and food waste. Bioresource Technology 225, 159-164. 

 


