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Abstract: The production of cow manure far exceeds the quantity that can be utilized in primary
applications such as fertilizer or for the generation of biogas. As a result, alternative value-added
applications are being investigated. The purpose of this study is to evaluate the production of lactic
acid, using cow manure as the raw material. The methodology involved the implementation of
thermochemical pretreatment for the cow manure, followed by simultaneous saccharification and
fermentation for lactic acid production. Response surface methodology based on a central composite
design was employed to analyze the simultaneous saccharification and fermentation process. The
factorial design of the experiments was carried out with three factors, cow manure concentration,
temperature, and enzyme concentration, with 80 g·L−1, 50 ◦C, and 212.5 IU/gCMDry Matter as central
point values, respectively. Following the addition of Bacillus coagulans DSM2314 inoculum to enzy-
matically hydrolyzed cow manure at pH 5.0, after a 24 h period the concentration of lactic acid was
recorded at 13.65 g·L−1, with a conversion efficiency of 33.1%. Studies were conducted until 48 h
to analyze time impact. Characterization studies for native cow manure and that pretreated using
acid reagent were conducted. Sugar content and by-product formation were analyzed, resulting in
23.24 g·L−1 of sugar remaining as the maximum after fermentation, while low values of furfural
(1.04 g·L−1), 5-hydroxymethylfurfural (1.35 g·L−1), and acetic acid (1.45 g·L−1) were found. Optimal
conditions were calculated at 24 and 48 h with R software, obtaining the lactic acid, with yields
of 13.4 g·L−1, 36.28% (for 24 h) and 15.27 g·L−1, 32.76% (for 48 h), respectively. Experimental and
statistical studies of enzymatic hydrolysis and fermentation stated that cow manure was a feasible
substrate for the production of lactic acid.

Keywords: bioplastic; lactic acid; response surface methodology; optimization; cow manure

1. Introduction

In the culinary, pharmaceutical, cosmetic, and textile industries, lactic acid (LA) is
employed as an acidulant and a preservative [1]. In the baking industry, it serves as a
precursor in the manufacturing of emulsifiers such as stearoyl-2-lactylates. It performs a
wide range of tasks, including flavoring, regulating pH, acting as an acidulant, enhancing
the microbiological quality, fortifying minerals, and extending shelf life [2].

Lactic acid can be produced either by chemical synthesis or by the fermentation of
renewable carbohydrates. It is possible to produce LA by using biomass as a source of
carbohydrates. Lactic acid is an organic acid that occurs naturally and serves as the primary
metabolic intermediate in the majority of organisms, including in people and anaerobic
prokaryotes [3]. It is classified as Generally Recognized As Safe (GRAS) for general purpose
food additives by the United States Food and Drug Administration (USFDA) [4]. Due to
the high cost of product recovery and purification, as well as the expensive base materials,
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production costs are high. So that it can be produced economically, it is essential to find
low-cost raw materials for lactic acid fermentation. Typically, lactose, maltose, or glucose
are employed in its production [5]. Lactic acid is in high demand as a raw material for the
synthesis of poly(lactic acid) (PLA) due to the recent increase in interest in the creation
of biodegradable plastic [6]. To produce highly crystalline PLA, which results in the
polymer’s high strength and chemical and heat resistant qualities, optically pure lactic acid
is required [7].

The most prevalent type of agricultural waste is cow manure, which is also a ligno-
cellulosic substance [8]. Enzymatic hydrolysis into fermentable sugars could successfully
disrupt the treated lignocellulosic fraction [9]. Bacillus coagulans DSM 2314 is a fascinating
strain to use for manufacturing lactic acid from lignocellulose using a Simultaneous Sac-
charification and Fermentation (SSAF) technique [10]. With conversion efficiencies above
90 wt.%, it can homoferment glucose and xylose. Furthermore, B. coagulans has a high
productivity, from 2.5 to 3 g·L−1·h−1 of lactic acid. It can thrive in surroundings that are
slightly acidic and it is a moderate thermophile with an ideal growth temperature of about
50 ◦C, which is comparable to the ideal circumstances for commercial enzyme combina-
tions like GC220 (Genencor, Denmark) and CTeC2 (Novozymes, Denmark). However,
byproducts of processed lignocellulose can hinder the growth of Bacillus coagulans DSM
2314 [11].

Byproducts are produced in every pretreatment techniques. Phenolic compounds,
furans, and tiny organic acids have been recognized as the three main groups of byproducts.
Based on the quantities present and their inhibitory effects, these byproducts may block the
fermentation that leads to the production of biochemicals, reducing productivity, growth,
and occasionally the yield of the microorganisms in these processes [12].

The process from cow manure to lactic acid consists of raw material milling, acid
pretreatment, and SSAF, as reviewed in [13]. While physical pretreatments involve size
reduction and steam explosion, chemical pretreatments involve changing the structure
of biomass with solvents that stimulate the breakdown of cellulose, hemicellulose, and
lignin [14]. To convert the majority of lignocellulose into dextrose, a fermentable sugar,
amylolytic enzymes such as amylase and glucoamylase must first hydrolyze it twice. The
first stage is typically rapidly finished at high temperatures (between 90 and 130 ◦C), and the
second stage is typically finished at lower temperatures after an extended saccharification
to dextrose process. For many years, this technology has been used on an industrial basis.
Industrial enzyme manufacturers like Novozymes and Genencor, for example, offer highly
developed, effective, and reasonably priced enzymes for this process. This procedure yields
dextrose, which can be used to ferment lactic acid [15].

The bioconversion of carbohydrate materials to lactic acid can be considerably en-
hanced by combining the microbial fermentation of the resulting sugars and the enzymatic
hydrolysis of the carbohydrate substrates into a single phase, known as SSAF [16]. Enzy-
matic hydrolysis should progress considerably faster when fermentation and enzymatic
hydrolysis are combined in an SSAF process, because the microbe can directly absorb
the monomerized sugars, reducing product inhibition. Consequently, an SSAF process’
processing time can be significantly reduced [17].

Presently, there are no available tests for using cow manure as a feedstock for lactic
acid production. This paper describes the conversion of cow manure into lactic acid through
pretreatment and efficient enzymatic hydrolysis and fermentation. Furthermore, this study
determined the most common composition of cow manure, inhibitors, byproducts, and
LA production performance. Cow manure could be effectively disrupted by enzymatic
hydrolysis into fermentable sugars to produce lactic acid. Taken together, the research has
implications for all cow farms as it is the first attempt to investigate the potential utilization
of cow manure for lignocellulosic–lactic acid in combination with lignocellulosic enzyme
production, which could serve as a reference for improving bovine waste economics. The
aim of this study was to reach lactic acid productivity in SSAF experiments using cow
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manure, similar to what has been reported for fermentations using high-grade sugars or
lignocellulose as feedstock.

2. Materials and Methods
2.1. Raw Material (Cow Manure)

Raw material was collected in cattle fattening stables of a farm located in Lleida
(Spain), with straw and compound feeding regime. Collection was carried out inside the
stable and in the manure heap, collecting a total of nine samples in each section. Samples
were subjected to drying at 55 ◦C for 72 h in a SELECTA oven (DIGITRONIC-TFT) and
ground to an average diameter of 1 mm in a MOULINEX fruit grinder in 50 g portions for
5 s. Dried and milled cow manure was subjected to experimental steps and analysis.

2.2. Cow Manure Analysis

Cellulose, hemicellulose, and lignin content were determined using an Ankrom
200 fiber analyzer. Samples were weighted in a Mettler-Toledo balance, model XS204.
Acid Detergent Fiber (ADF) analysis, Neutral Detergent Fiber (NDF), and Crude Fiber
Analysis (CFA) were performed. The ADF reagent consisted of 20 g of cetyl trimethylammo-
nium bromide (CTAB) with 1 L 1.00 N H2SO4 previously standardized. The NDF reagent
consisted of 30 g sodium dodecyl sulfate, 18.61 g ethylenediaminetetraacetic disodium salt
(dehydrate), 6.81 g sodium borate, 4.56 g sodium phosphate dibasic (anhydrous), and 10 mL
of triethylene glycol to 1 L distilled water. pH was controlled from 6.9 to 7.1. CFA reagent
consisted of sulfuric acid (72% by weight), and reagent grade H2SO4 diluted to a specific
gravity of 1634 g·L−1 at 20 ◦C (24.00 N) by adding 1200 g H2SO4 to 350 mL H2O in a 1 L of
mono chloracetic acid (MCA) volumetric flask with cooling. Solution was standardized to
1634 g·L−1 at 20 ◦C specific gravity by removing solution and adding H2O or H2SO4 as
required. ADF and NDF were performed on 0.5 mg of milled and dried samples, sealed
in a filter bag F57 from Ankrom. After analysis, samples were rinsed with tap water and
dried at 105 ◦C for 2 h. After that, ADF, NDF, and CFA were performed. Lignin content
was determined directly by CFA. Cellulose was determined as ADF minus CFA. Finally, to
account for hemicellulose content, NDF minus ADF and CFA was calculated. Ash [18] and
humidity [19] values were obtained using gravimetric analysis.

2.3. Microorganism

Bacillus coagulans DSM 2314 was acquired as freeze-dried stock from the German
collection of microorganisms and cell cultures (Deutsche Sammlung von Mikroorganismen
und Zellkulturen, Braunschweig, Germany).

Strain was grown in culture medium, TrypticSoy Broth (TSB), Scharlau 02-200-500,
batch 132425. The composition was (per liter of medium) 17 g casein peptone, 3 g soy
peptone, 5 g sodium chloride, 2.5 g dipotassium phosphate, 2.5 g dextrose, 1000 mL
deionized water, and 7.3 ± 0.2 pH ready-to-use. The incubation temperature was 50 ◦C and
time 24 ± 3 h. Optical density (absorbance) was measured by means of culture medium
plate count. Plate count growth parameters medium consisted of Tryptic Soy Agar (TSA)
and biocardiagnostics BK047HA, batch 0016009. The composition (per liter of medium) was
15 g tryptone, 5 g papaic of digested soybean meal, 5 g sodium chloride, 15 g bacteriological
agar, 1000 mL deionized water, and 7.3 ± 0.2 pH ready-to-use. A 300 mL quantity of TSB
medium in borosilicate glass bottles with non-hermetic closure was constantly shaken
at 150 rpm in an orbital incubator. Peptone saline medium was used to correct dilution.
The composition (per liter of medium) was 1 g tryptone, 8.5 g sodium chloride, 1000 mL
deionized water, and 6.8 ± 0.2 pH ready-to-use. It was sterilized at 121 ◦C for 15 min.

2.4. Process Flow

The process of producing acid lactic from cow manure consisted of cow manure
collection; cow manure mixing, drying and grinding/sieving; chemical pretreatment; and
simultaneous saccharification and co-fermentation process, as shown in Figure 1.
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The chemical hydrolysis pretreatment was carried out with 96% sulfuric acid (Panreac),
using 0.5 wt.% of acid on cattle manure on a dry basis, which has been used successfully
in similar lignocellulosic raw materials. Dilute acid pretreatment has low requirements,
minimizes possible environmental impacts in the proposal, and its effectiveness has been
demonstrated in the hydrolysis of cellulose and hemicellulose [11]. The process was
carried out in a glass reactor with an effective capacity of 5 L, treating 2.5 L of cow manure
suspension in deionized water. It was stirred at 250 min−1 using a propeller stirrer with the
geometrical diameter relation of 0.25 reactor diameter. It was operated isothermally at 90 ◦C
for 120 min, by circulating thermal oil P20.275.50 from a HUBERT thermostat through the
jacket. The process gases were recovered through a reflux condenser with water circulation.
The acid hydrolysate was subjected to vacuum filtration. The amount of glucose, galactose,
mannose, xylose and arabinose, acetic acid, furfural and 5-hydroxymethylfurfural (HMF)
was determined from the filtered liquid. The fluid was subjected to drying at 55 ◦C for 72 h
in a SELECTA oven (DIGITRONIC-TFT).

The cow manure mixture from the chemical pretreatment was subjected to SSAF in a
glass reactor with an effective capacity of 3 L, treating 0.7 L. It was stirred at 150 min−1 using
a propeller stirrer with 0.25 diameter agitator/reactor relation. It was operated isothermally.
Temperature regulation was carried out by circulating deionized water from a SELECTA
thermostat (DIGITERM 200) through the jacket. Pre-saccharification was carried out for 18 h.
At the beginning, the acid hydrolysate pH was adjusted to 5 ± 0.1 by adding a 6.25 mol·L−1

NaOH suspension, and 75% of the enzymatic cocktail SAE0020 corresponding to each run
was added. The SAE0020 enzyme cocktail with enzyme activity of 1000 IU/g was supplied by
SIGMA-ALDRICH. After 18 h of presaccharification, the pH of the medium was adjusted to
5.8 ± 0.1 by adding a suspension of NaOH at 6.25 mol·L−1. The rest of the enzymatic cocktail
corresponding to each run was added and supplemented with 1 g·L−1 of KCl, 1 g·L−1 of
Na2HPO4, 1.25 g·L−1 of NH4Cl, 3 g·L−1 of yeast extract, 5 g·L−1 of glucose, and 10 g·L−1 of
casein. The enriched medium was inoculated with a 5 vol.% suspension of Bacillus coagulans
DSM 2314 and non-active aeration was maintained for 48 h of fermentation under isothermal
conditions corresponding to the temperature of each experiment.
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2.4.1. Experimental Design

Response surface methodology (RSM) is an approach that brings several benefits to
traditional one-variable-at-a-time optimization, including the ability to generate a large
amount of data from a small number of tests, and the ability to assess how the interaction
between factors affects the answer [20]. The application of RSM as an experimental design
allows the extraction of complex information, while reducing costs associated with labor,
supplies, and time [21].

The experimental design was generated by R language [22] with the RSM package [23].
It consisted of a 2k full factorial design for the factorial portion of a central composite design
(CCD), four central points in the cube, and 3 factors (k), with 6 axial points at a rotational
distance of α = 1.682, for a total of 18 runs. The quadratic model was selected for predicting
the optimal point, and is expressed as Equation (1):

Y = b0 + b1X1 + b2X2 + b3X3 + b11X12 + b22X22 + b33X32 + b12X1X2 + b13X1X3 + b23X2X3 (1)

where Y represents response variables (LA, productivity, yield); b0 is the interception
coefficient; b1, b2, and b3 are the linear terms; b11, b22, and b33 are the quadratic terms;
and X1, X2, and X3 represent the variables studied.

As experimental factors, the solids concentration in the reaction medium subjected
to SSAF was considered and expressed as CM (gCM·L−1), the concentration of enzymatic
cocktail SAE0020 was expressed as E (IU·gCMDry Matter

−1) (DM), and temperature was
expressed as T (◦C). Table 1 shows a summary of independent variables, ranges, and levels.

Table 1. Experimental range and levels of independent process variables.

Independent Variables Symbol
Range and Levels

−α −1 0 1 +α

Cow manure (g·L−1) X1 46.36 60 80 100 113.63

Enzyme (IU·gCMDM
−1) X2 141.02 170 212.5 255 283.97

Temperature (◦C) X3 41.59 45 50 55 58.41

2.4.2. Analysis of Monomeric Sugars, Lactic Acid, and Byproducts

The equipment used to analyze the sugar content [24–27] was a Waters chromatograph,
model Acquity UPLC binary, a CORTECS C18+ 1.6 µm, 2.1 mm × 100 mm column and
a Waters Mass spectrometry, Xevo TQS model. To prepare pattern samples, a solution of
each aldose (mannose, glucose, galactose, arabinose, and xylose) was separately prepared,
together with a 500 ppm (µg/mL) sample of glucose 13C6 (internal standard–IS1), as refer-
ence. To analyze it, 100 µL of 3-methyl-1-phenyl-2-pyrazoline-5-one solution and 200 µL
of the 25.9% ammonium hydroxide solution were mixed together in each Eppendorf tube.
This was stirred and heated at 70 ◦C for 40 min, then cooled at room temperature and
200 µL of formic acid added to each to neutralize. It was filtered with a 0.22 µ hydrophilic
polytetrafluoroethylene (PTFE) sample and injected into the mass spectrometer. The mate-
rial from the SSAF was subjected to vacuum filtration. Glucose, galactose, mannose, xylose
and arabinose, acetic acid and lactic acid content were measured from the filtered liquid.
The fluid was subjected to drying at 55 ◦C for 72 h in a SELECTA oven (DIGITRONIC-TFT).
Sugar content was analyzed after chemical pretreatment to check its effectiveness, and after
SSAF to check the remaining quantity which was not used by microorganism.

To analyze the lactic acid and byproducts (acetic acid, ethanol, furfural, and 5-HMF),
gas chromatography with Flame Ionization Detector (FID) was used. The reactives used
were MilliQ water and phosphoric acid. The patterns used were lactic acid, acetic acid,
ethanol, furfural, and 5-HMF, respectively. The samples were filtered with a 3 mL aliquot,
1:3 dilutions with 0.35% phosphoric acid solution, using a gas chromatography vial to inject.
The equipment for the lactic acid analysis was an HP-5MS UI 30 m × 0.25 mm × 0.25 µm
column chromatography. The configuration parameters were an injection split of 1:50; a
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flux of 1 mL/min He; an injector temperature of 250 ◦C; an oven ramp with an initial
temperature of 65 ◦C for 1 min, 20 ◦C/min ramp, ending at 290 ◦C for 5 min; and the
flame ionization detector using an injector temperature of 290 ◦C. The equipment for the
by-products’ analysis was ZB-FFAP 30 m × 0.25 mm × 0.25 µm column chromatography.
The configuration parameters were an injection split of 1:10; a flux of 1 mL/min H2; an
injector temperature of 230 ◦C; an oven ramp with an initial temperature of 70 ◦C for 1 min,
15 ◦C/min ramp up to 200 ◦C, and a ramp of 30 ◦C until 240 ◦C for 6 min; and an FID
injector temperature of 240 ◦C.

2.5. Experimental Results Calculation

LA production refers to the grams of LA produced per liter of substrate. LA yield (Y)
was calculated as the ratio between lignocellulosic material included in CM and LA pro-
duction. LA productivity (P) was calculated as LA production per hour. Sugar production
was determined as the total quantity of sugars (mannose, glucose, galactose, arabinose,
and xylose) in diluted acid and SSAF (after 24 and 48 h), minus glucose added.

3. Results and Discussion
3.1. Results

The resulting parameters of the central composite design, specified per experimental
set, are summarized in Table 2.

Table 2. Central composed design parameters.

Run

Codified Variables Experimental Levels

X1 X2 X3 Cow Manure
(g·L−1)

Enzyme
(IU·gCMDM

−1)
Temperature

(◦C)

1 1 −1 −1 100 170 45

2 1 1 1 100 255 55

3 1 −1 1 100 170 55

4 0 0 0 80 212.5 50

5 1.682 0 0 113.636 212.5 50

6 −1 1 1 60 255 55

7 1 1 −1 100 255 45

8 −1 −1 1 60 170 55

9 −1 −1 −1 60 170 45

10 −1.682 0 0 46.364 212.5 50

11 −1 1 −1 60 255 45

12 0 1.682 0 80 283.976 50

13 0 0 1.682 80 212.5 58.41

14 0 0 0 80 212.5 50

15 0 −1.682 0 80 141.024 50

16 0 0 0 80 212.5 50

17 0 0 0 80 212.5 50

18 0 0 −1.682 80 212.5 41.59

Homogenized samples were analyzed to determine initial humidity, cellulose, hemi-
cellulose, and lignin content. Results are shown in Table 3.
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Table 3. Cow manure lignocellulosic material analysis.

Sample Hemicellulose (%) Cellulose (%) Lignin
(%)

Ash
(%)

Humidity
(%)

Manure heap A * 27.3 24.5 3.8 17.69 2.32

Manure heap B * 26.3 25 3.8 18.85 2.5

Farm 1A 28.3 23.4 3.5 18.04 2.32

Farm 1B 30.2 21.7 3.1 17.43 2.11

Farm 2A 28.4 23.6 4.1 17.13 2.76

Farm 2B 28.3 22.9 5.3 16.5 2.23

Average 28.1 23.5 3.9 17.6 2.4

* A and B distinguish different locations.

The components analyzed represent approximately 75% of the total. The remaining
percentage was not analyzed, and nutrients and other components were left out of this
study, as the focus was on Table 3 components. The average portion of hemicellulose plus
cellulose obtained was 51.6%, which means that cow manure has a biodegradable potential
for obtaining value-added products. This result, higher than reported in studies to obtain
bioethanol from this raw material [8], was associated with a high proportion of lignocel-
lulosic fiber in cow diets. According to the cow manure composition, proximity to other
lignocellulosic residues used for same purpose (such as sugarcane bagasse [11] and corn
forage [28]) converts this material in a novel and attractive alternative for this (or similar)
purpose. A reported average lignin content of only 3.9% was lower than that studied in
lignocellulosic materials [29]. Therefore, it does not constitute a significant barrier in the
development of these processes. These results allowed the evaluation of the production of
lactic acid from cow manure as a raw material, also considering the values obtained of sug-
ars and inhibitory compounds in the stages of the process. Nevertheless, possible barriers
should be studied, such as inhibition by product, to improve the current production.

Determinations of sugar concentrations in the liquid fraction of the substrate showed
a dependence on the experimental operating conditions. Glucose and xylose were found in
high concentrations after chemical pretreatment and also after SSAF. The same behavior
was observed in pretreated sugarcane bagasse sugar analysis papers [30]. This means there
was a sugar fraction which had not been consumed by the microorganism.

During the pretreatment stage with acid at a high temperature, cow manure content
was considered for the central composite design runs. The summary of the analysis of the
sugar content after the solubilization of the substrate and the release of sugar oligomeric
polymers and monosaccharides is shown in Table 4, as a percentage of lignocellulosic
fraction. Xylose and glucose concentrations showed a dependence on the experimental
conditions. The highest xylose rating was achieved with 48 h SSAF, high cow manure
content, high temperature, and high enzyme value (the same as glucose), as shown in
Table 5. Higher sugar concentrations were obtained at higher temperatures, combined with
high concentrations of cow manure.

Table 4. Sugar content per experimental run after chemical pretreatment.

Cow Manure
(g/L)

Mannose
%

Glucose
%

Galactose
%

Arabinose
%

Xylose
%

Total
%

46.4 0.08 10.09 6.36 18.63 48.30 44.56

60 0.06 4.32 - 4.39 3.02 - 3.44 10.66 - 11.14 22.75 - 25.06 22.36 - 23.10

80 0.04 - 0.53 5.85 - 52.89 3.55 - 6.40 8.84 - 15.68 26.35 - 31.77 25.53 - 47.19

100 0.04 - 0.32 8.93 - 47.84 4.23 - 4.48 9.53 - 10.34 28.58 - 31.10 29.12 - 45.00

113.6 0.22 8.34 4.50 11.04 28.62 27.98
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Table 5. Sugar content per experimental run after SSAF process.

Run Mannose
(g·L−1)

Glucose
(g·L−1)

Galactose
(g·L−1)

Arabinose
(g·L−1)

Xylose
(g·L−1)

Total
(g·L−1)

1 0.48 21.23 1.35 2.82 11.59 32.47

2 0.61 40.53 2.09 3.4 11.68 53.31

3 0.29 24.76 1.37 2.36 8.23 32.01

4 0.31 12.9 2.32 2.2 9.7 22.43

5 0.55 29.07 3.91 3.4 11.64 43.57

6 0.31 15.86 0.75 1.9 6.96 20.78

7 0.45 20.81 1.13 2.34 9.65 29.38

8 0.19 12.89 0.55 1.49 5.79 15.91

9 0.21 15.29 0.11 1.52 6.77 18.9

10 0.2 7.21 1.13 1.52 5.91 10.97

11 0.21 17.25 0.12 0.93 9.15 22.66

12 0.42 18.37 3.21 2.41 9.33 28.74

13 0.27 24.66 1.33 2.45 8.07 31.78

14 0.29 12.43 2.33 2.14 8.53 20.72

15 0.41 25.26 2.98 2.71 10.15 36.51

16 0.48 27.15 1.29 2.88 11.16 37.96

17 0.37 18.15 1.11 2.1 8.44 25.17

18 0.23 14.6 0.94 2.0 8.15 20.92

Total sugar concentration reached its maximum value for the upper level of the cow
manure factor, while regarding the axial point a decrease in concentration was registered.
Lower cow manure values reached a high sugar content, which should be evaluated in
future experimentations. The substrate was subjected to SSAF for 48 h, and the variation
in cow manure, enzymes, and temperature according to the central composite design was
analyzed, showing an increase in the concentration of dissolved monosaccharides, as a
result of the depolymerization enzymatic activity. Table 5 shows the resulting sugar content
analyzed after the complete process.

Maximum sugar concentration was reached, as for the previous stage, with a cow
manure content of 100 gCM·L−1, together with lower values of the enzyme and temperature
factors. When the substrate concentration’s extreme point was analyzed after chemical
pretreatment, there was a decrease in the reaction mixture’s monosaccharide content, which
suggests a limitation of the long-chain cleavage and large-molecule survival for a high
concentration of suspended solids [31]. After SSAF, this behavior had the same effect on
the enzymatic reaction rate. The reason for the sugars remaining after SSAF should be
studied, as a way to increase current production ratios.

Various byproducts are created during chemical preparation. There are variations
in byproduct production depending on the lignocellulosic source or the pretreatment
technique used to decompose the lignocellulose. Furans, organic acids, and phenolics are
the three major subgroups of byproducts produced [32]. Acetic acid, furfural, and 5-HMF
were measured after pretreatment. Acetic acid was analyzed again after SSAF.

On substrates high in lignocellulosic byproducts, the addition of furfural to precultures
of Bacillus coagulans may improve growth and lactic acid production [11]. Compared to
furfural, 5-HMF inhibits dehydrogenase enzymes to a lesser degree [33]. All strains were
inhibited by concentrations of furfural and 5-HMF above 5 g·L−1 and 8 g·L−1, respectively,
while some strains were already noticeably inhibited at concentrations of 1 to 2 g·L−1 of
furans. At concentrations of 15 g·L−1 of acetic acid, growth rates were badly inhibited but
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productivity was not significantly affected. It should be mentioned that when determining
the toxicity of acids, pH is always a crucial consideration. At pH 3.5, 3.5 g·L−1 of acetic acid
has the same inhibitory impact as 9 g·L−1 of acetic acid at pH 5 [34]. When determining
the toxicity of lignocellulose substrates as a whole, combined effects should be taken into
account. Research carried out with pure compounds provides an indication of the inhibitory
effect of lignocellulose byproducts. Ethanol was analyzed and no content was found. The
content analysis of inhibitors showed low concentrations, as summarized in Table 6.

Table 6. Inhibitors content.

Run

Acetic acid
(g·L−1)

Furfural
(g·L−1)

5-HMF
(g·L−1)

Acetic Acid
(g·L−1)

Chemical Pretreatment SSAF

1 1.44 0.74 0.94 1.80

2 2.00 1.26 5.00 2.20

3 2.00 1.26 5.00 1.72

4 0.96 1.43 0.33 1.08

5 2.14 1.14 1.38 1.90

6 0.58 0.42 0.48 0.90

7 1.44 0.74 0.94 1.80

8 0.58 0.42 0.48 0.96

9 0.62 0.80 0.38 1.24

10 0.81 1.00 0.33 0.81

11 0.62 0.80 0.38 1.00

12 2.14 1.14 1.38 1.05

13 1.36 0.74 0.54 1.38

14 0.96 1.43 0.33 1.20

15 0.94 0.68 0.61 1.70

16
1.04 0.76 3.92

2.00

17 1.14

18 1.36 0.74 0.54 1.92

Average 1.33 1.04 1.35 1.45

The results of this research, including the dependent (or response) variables lactic acid
content, yield, and productivity, are given in Table 7.

The highest values of lactic acid concentration and productivity were reported for
a substrate concentration of 80 g/L and a temperature of 50 ◦C, which is optimal for
the growth of Bacillus coagulans DSM 2314. In a period of 24 h of SSAF, the highest
values of lactic acid content and productivity were reported for substrate concentrations
of 60 g·L−1 and 80 g·L−1, and temperatures corresponding to the central point (50 ◦C).
The enzyme concentration, with a variable behavior, maximizes both responses for its
central point value. If the SSAF time is increased to 48 h, a considerable increase in product
formation is also highlighted for cow manure concentrations of 100 g·L−1. On the other
hand, the yield increases for substrate concentrations corresponding to the lower limit
and the lower axial point, according to the lactic acid content measured. The maximum
lactic acid value of 13.65 g·L−1 was obtained with 212.5 IU·gCMDM

−1 of enzyme, also
achieving the maximum yield (33%) and maximum productivity of 0.57. At 48 h of SSAF,
the same conditions showed better results for LA production and yield, as shown in Table 7.
The 16th run achieved 15.09 g·L−1 of LA at 48 h, while the 10th run achieved a yield of
49.91%. The maximum productivity was achieved at 24 h, obtaining a value of 0.57 g
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LA·(g lignocellulosic portion)−1. These effects would suggest carrying out an analysis
to establish a compromise between the values of the study factors that maximize the
responses evaluated.

Table 7. Experimental design results obtained after 24 and 48 h.

Run

24 h 48 h

LA
(g·L−1)

Productivity
(g·L−1·h−1)

Yield wt.%
(LA/Lignocellulosic)

LA
(g·L−1)

Productivity
(g·L−1·h−1)

Yield wt.%
(LA/ Lignocellulosic)

1 3.21 0.13 6.22 15.06 0.31 29.19

2 2.04 0.09 3.95 2.52 0.05 4.88

3 1.89 0.08 3.66 2.16 0.05 4.19

4 12.45 0.52 30.16 13.2 0.28 31.98

5 2.13 0.09 3.63 2.43 0.05 4.14

6 6.36 0.27 20.54 11.82 0.25 38.18

7 5.34 0.22 10.35 14.34 0.30 27.79

8 4.80 0.20 15.50 7.38 0.15 23.84

9 11.10 0.46 35.85 14.31 0.30 46.22

10 9.18 0.38 38.37 11.94 0.25 49.91

11 11.55 0.48 37.31 12.51 0.26 40.41

12 11.01 0.46 26.67 12.9 0.27 31.25

13 1.83 0.08 4.43 2.01 0.04 4.87

14 11.13 0.46 26.96 12.06 0.25 29.22

15 9.90 0.41 23.98 10.44 0.22 25.29

16 13.65 0.57 33.07 15.09 0.31 36.56

17 11.13 0.46 26.96 12.45 0.26 30.16

18 13.41 0.56 32.49 13.65 0.28 33.07

The reported yield values of the product, taking into account the stoichiometry of the
consumed sugars, xylose and glucose, were between 30% and 99%, registered after the
use of Bacillus coagulans strains, from lignocellulosic raw materials in different operational
configurations [35]. The above evidences the potential of cow manure for its use for this pur-
pose. However, the conversion rate of total sugar into lactic acid depends on the conditions,
according to the levels established for the experimental factors [36], where elevated xylose
and glucose concentrations were reported after SSAF (Table 5). These effects on enzymatic
catalysis and fermentation must be evaluated through kinetic studies such as the one devel-
oped by [37], which allows the visualization of the growth phases of the microorganism as
well as the possible existence of inhibition by substrate or byproduct formation.

3.2. Statistical Evaluation

A regression analysis was performed to fit response functions and experimental data.
During the statistical evaluation, the analysis of variance indicated that the adjusted models
were significant (p-value < 0.05), while not all the terms had significant results. In addition,
determination coefficients (R2) higher than 80% were verified in all cases. A quadratic
model was obtained, excluding those non-significant terms. This procedure was carried
out for all models. Two Way Interaction (TWI) for cow manure content against enzyme
and temperature versus enzyme was not significant in any case. A summary can be found
in Table 8.
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Table 8. Model values at 24 h and 48 h for lactic acid, productivity, and yield.

Time Model Intercept
Cow Manure

Content
(CM)

Enzyme
E

Temperature
(T) CM:T CM2 E2 T2 Adjusted

R2
p-

Value

24 h

LA −2.2024
× 102

-- -- 7.4187 -- −6.6988
× 10−3

−5.4426
10−4

−7.9398
× 10−2 0.8537 <0.0001

Y −2.5511
× 102 −2.3562 5.7394

× 10−1 1.4827 3.5200 -- −1.2879
10−3

−1.9009
× 10−1 0.8647 <0.0001

P −5.5552 1.8012 × 10−2 -- 2.4129 ×
10−1

3.6250 ×
10−4

−2.5738
× 10−4 -- −2.9163

× 10−3 0.818 <0.0001

48 h

LA −2.0978
× 102 1.6774 7.1460 -- −2.1375

× 10−2
−4.4435
× 10−3 -- −6.1962

× 10−2 0.8755 <0.0001

Y −320.523 0.87509 -- 15.3092 −0.02912 -- -- −0.14735 0.9039 <0.0001

P −4.3588 3.4893 × 10−2 -- 1.4845 ×
10−1

−4.4500
× 10−4

−9.2354
× 10−5 -- −1.2865

× 10−3 0.8745 <0.0001

Based on the projected regression model, Figure 2 shows the response surfaces to
estimate the lactic acid production relative to the independent variables: cow manure,
enzyme, and temperature at 24 h of SSAF. Figure 2a shows how LA increases signifi-
cantly with enzyme and cow manure, until it reaches its maximum at 13.65 g·L−1, with
cow manure and enzyme values around the central point. In Figure 2b, the maximum is
obtained with a lower value of temperature and cow manure. In Figure 2c, the curved
graphic shows the maximum lactic acid production with the lower temperature value,
and the central point for the enzyme. Figure 2d shows the productivity reaching its
maximum of 0.57 g·L−1·h−1 around the central point for temperature and cow manure,
to decrease again at high values of both variables. Figure 2e shows a linear relationship
of the yield against cow manure, while the enzyme maximizes the yield around the
central point, decreasing it at high or low values. In Figure 2f, the maximum yield
is produced at low values of cow manure and temperature, decreasing when both
variables increase. Figure 2g shows the maximum yield at the enzyme’s central point
and lower temperatures. It decreases when the temperature increases, or if the enzyme
is away from the central value.

In Figure 3, the response surfaces estimation at 48 h are presented. Figure 3a shows
the lactic acid response against enzymes and cow manure, with a curved relation. The
maximum was reached at lower or central values of both cow manure and temperature. In
Figure 3b, maximum productivity was also reached at lower or central values of both cow
manure and temperature. Figure 3c reaches the maximum yield at lower values of cow
manure and temperature.

Based on the model, a numerical optimization according to RSM results was carried
out with the software R. The optimal working conditions with a combined desirability
bigger than 0.9, based on the three variables, were obtained. Results are summarized in
Table 9.

Table 9. Numerical optimization calculated with R.

Process
Time (h)

Cow Manure
(g·L−1)

Enzyme
(IU·gCM DM

−1)
Temperature

(◦C)
Lactic Acid

(g·L−1)
Productivity
(g·L−1·h−1)

Yield
(wt. %) Desirability

24 h 71 220 45 13.4 0.53 36.28 0.952

48 h 86 140 42.5 15.27 0.317 32.76 0.917



Fermentation 2023, 9, 604 12 of 17Fermentation 2023, 9, 604 12 of 17 
 

 

  
(a) (b) 

 
 

(c) (d) 

Figure 2. Cont.



Fermentation 2023, 9, 604 13 of 17Fermentation 2023, 9, 604 13 of 17 
 

 

  
(e) (f) 

 

(g) 

Figure 2. Surface plot effects of enzyme, temperature, and cow manure interactions at 24 h SSAF 
process. (a) Cow manure (g·L−1) and enzyme (IU·gCMDM−1) on lactic acid (g). (b) Cow manure (g·L−1) 
and temperature (°C) on lactic acid (g). (c) Temperature (°C) and enzyme (IU·gCMDM−1) on lactic 
acid (g). (d) Cow manure (g·L−1) and temperature (°C) on productivity (g·L−1·h−1). (e) Cow manure 
(g·L−1) and enzyme (IU·gCMDM−1) on yield (wt.%). (f) Cow manure (g·L−1) and temperature (°C) on 
yield (wt.%). (g) Enzyme (IU·gCMDM−1) and temperature (°C) on yield (wt.%). 

Figure 2. Surface plot effects of enzyme, temperature, and cow manure interactions at 24 h SSAF
process. (a) Cow manure (g·L−1) and enzyme (IU·gCMDM

−1) on lactic acid (g). (b) Cow manure
(g·L−1) and temperature (◦C) on lactic acid (g). (c) Temperature (◦C) and enzyme (IU·gCMDM

−1)
on lactic acid (g). (d) Cow manure (g·L−1) and temperature (◦C) on productivity (g·L−1·h−1).
(e) Cow manure (g·L−1) and enzyme (IU·gCMDM

−1) on yield (wt.%). (f) Cow manure (g·L−1) and
temperature (◦C) on yield (wt.%). (g) Enzyme (IU·gCMDM

−1) and temperature (◦C) on yield (wt.%).
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Figure 3. Surface plot effects of enzyme, temperature, and cow manure interactions at 48 h SSAF
process. (a) Cow manure (g·L−1) and temperature (◦C) on lactic acid (g). (b) Cow manure (g·L−1)
and temperature (◦C) on productivity (g·L−1·h−1). (c) Cow manure (g·L−1) and temperature (◦C) on
yield (wt.%).

Comparing 24 with 48 h of SSAF process, there was no considerable increase in lactic
acid production. Therefore, yield and productivity decreased. The results for 24 h were
lower than those achieved with the use of the same microbial strain on sugarcane bagasse
in the same operational strategy [11].

Studies using pretreated bagasse, with same microorganism, and enzyme cocktail
GC220, reported a yield of 74%, producing 55.6–59.3 g·L−1. Productivities during SSAF
of 0.78–1.14 g·L−1 were achieved, which were lower compared to the productivities of
2.5–3 g·L−1 reached in research carried out with high-grade sugars [17].

However, the yield was close to values obtained with the same microorganism on wheat
straw with basic pretreatment [10], and improved values reported using Bacillus coagulans
LA-15-2 on rice straw hydrolysate in a batch process [38]. On the other hand, lactic acid values
and productivity obtained under these conditions were higher than other studies utilizing
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different lignocellulosic materials, pretreatments, microorganisms, and operational strategies.
Such is the case in the study to obtain this product with Lactobacillus brevis ATCC 8287 on
spent coffee ground hydrolysate [39] and Saccharomyces cerevisiae on spent coffee grounds [40].
In the first case, the reported performance was slightly higher than results obtained in this
study, while in the second one it was lower.

4. Conclusions

The production of lactic acid from cow manure was performed using an SSAF process.
Lactic acid productivity experimentation showed similar values to fermentations using
high-grade sugars or lignocellulose as feedstock. The data collected through the central
composite design (24 h and 48 h) fit well to a quadratic model with interactions of all
variables. TWI was only significant for cow manure and temperature. The least significant
of the three factors analyzed was the enzyme.

The cellulose and hemicellulose composition of cow manure (similar to commonly
used lignocellulosic materials, also with low lignin content) makes it a biodegradable
material with great potential for obtaining lactic acid.

The maximum lactic acid production conditions were reached at 48 h of fermentation
consisting of 15.09 gLA·L−1, productivity of 0.31 gLA·L−1 h, and a yield of lactic acid
based on cellulose and hemicellulose of 36.56% wt.%. Concerning the 24 h SSAF analysis,
higher LA values were obtained around the central point or with low values of temper-
ature and cow manure, achieving values from 11 to 13.5 g·L−1. The enzyme quantity
was not so decisive. At high temperatures and/or high cow manure concentrations, LA
production was lower. The best yield values were obtained together with higher LA pro-
duction. With the 48 h SSAF process, moderate increases in the LA product were obtained,
reaching 13.5 to 15 g·L−1. The trend continues to reach best values around the central
point or for lower temperatures and cow manure. Additionally, the enzyme quantity was
not determinative.

Along with statistical evaluation, the adjusted quadratic models turned out to be
significant, where the optimal values obtained in the study range showed that if time was
increased up to 48 h, LA production increased by 1.87 gLA·L−1 and the enzyme amount
was reduced, but performance and productivity decreased compared to a 24 h time period.
The remaining sugar quantity increased after SSAF, and there is potential to increase LA
production in this step.

The experimentally determined composition of byproducts did not impair bacterial
activity, so the process does not require additional pretreatment. Nevertheless, the signifi-
cant presence of sugars in the medium after the SSAF process suggests the possibility of
inhibitory effects, which should be further evaluated by means of a kinetic study.

The best operational conditions should be determined based on an economical and
environmental function, based on maximizing productivity, lower economic cost, or en-
vironmental benefits by using as much cow manure as possible for the process. Possible
barriers for product formation should be studied, such as the inhibition of byproducts, to
improve the current production, taking into account that not all sugars are consumed after
SSAF. Future research on new operational conditions is recommended.
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