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Abstract
Thermodynamically, lactic acid and ethanol allow the best energy recovery among all common metabolites for
methane production. The main objective of this work was to favor the fermentation of OFMSW for better lactic
acid and ethanol production. First, OFMSW fermented with three different inocula: Naturally occurring
microorganisms (NOM), yeast (Saccharomyces cerevisiae), and UASB sludge. Second, methanization of
digestates from the fermentations. OFMSW fermentation with NOM and UASB sludge + NOM mainly produces
lactic acid; yeast fermentation mainly produces ethanol, lactic acid, and volatile fatty acids. Methane production
increased with decreasing substrate concentration, and higher methane production was obtained with the
digestate from NOM fermentation. Every one of the fermented digestates produced more methane than
unfermented OFMSW. Higher concentrations of propionic and butyric acids were observed for higher digestate
concentrations from yeast and NOM after 30-day methanization. Methane produced from unfermented OFMSW
was not inhibited as propionic, and butyric acids concentrations were the lowest of all four cases.

Statement Of Novelty
This research proposes a simple fermentation method to produce the best eligible substances for further
methane production. According to Jojoa-Unigarro and González-Martínez (2021), ethanol and acetic acid are
the preferred substrates for methanization because of the potential inhibition caused by hydrogen partial
pressure and acetogenesis of volatile fatty acids can be avoided. Although lactic acid needs to undergo
acetogenesis before methanization, the hydrogen partial pressure does not affect this step. The novelty of this
research lies in the use of UASB sludge and commercial yeast as inoculum to produce mainly ethanol and lactic
acid through fermentation. This proposal also considers that undesired metabolites such as propionic and
butyric acids are produced in lower concentrations when using these inocula for fermentation before
methanization. The inevitable side production of acetic acid is welcome.

Introduction
The methanization of the organic fraction of municipal solid wastes (OFMSW) consists of a complex series of
biochemical reactions where different groups of microorganisms take an active part: The �rst step is the
hydrolysis and acidi�cation of complex organic molecules, and the second step is the methanization of the
previously through fermentation produced metabolites. Most of the products from these fermentation
processes are short-chain organic acids, alcohols, hydrogen, and carbon dioxide, required for the subsequent
methanization. The fermentation depends on several variables: pH, temperature, inoculum composition, and
products concentration [1]. Lin et al. [2] report that controlling the initial pH is essential to direct the fermentation
to produce speci�c metabolites.

One limitation of the anaerobic digestion of OFMSW is that readily biodegradable substances can lead to
acidi�cation, decreasing pH, and inhibition of the microorganisms [3]. The main advantages of the two-stage
systems are that acidi�cation can be controlled in the �rst stage, allowing better control in the second stage, the
methanization [4, 5, 6]. pH plays a vital role in the selectivity of the metabolites produced during fermentation.
Under slightly neutral pH values, the fermentation predominates to propionic and butyric acids [7]; ethanolic
fermentations are favored at pH between 5 and 5.4. Some other authors report that the best pH for ethanolic
fermentation is near 4 where acid production decreases drastically [8, 9, 10, 11]. The solids retention time (SRT,



Page 3/25

for continuous and semi-continuous systems) or reaction time (for batch processes) is also another critical
factor affecting ethanol production; adequate SRT or reaction time is relatively short, between 12 and 24 hours
[10, 11, 12].

Zheng et al. [1] propose four different types of acidogenic fermentation: Ethanolic, butyric, mixed acids, and
propionic. The ethanolic fermentation was de�ned when the proportion of ethanol (as COD) is higher than 30%,
and the sum of acetate and ethanol is higher than 50%. In acidogenic reactors, the production of volatile fatty
acids (VFA) has been the center of many research projects; few articles deal with the production of alcohols and
lactic acid when fermenting OFMSW [13, 14, 15]. Ren et al. [16] pointed out that alcohol production is an
exciting topic, but he concluded that during the production of hydrogen from OFMSW. Ethanol was not included
in ADM1 because it has limited in�uence in one-step, low organic rate systems [17]. Nevertheless, ethanol is
common in systems operated under high organic loading rates [1]. Working with batch reactors fed with food
wastes, Jiang et al. [7] found that, at mesophilic temperature, when the pH was not controlled, the ethanol
concentration was 11.75 gCOD/L, representing 66.6% of all the metabolites from the fermentation.

Pipyn and Verstraete [18] observed that ethanol and lactic acid formation during fermentation could improve
subsequent methanogenesis because these intermediaries provide more energy to methanogens than other
substances. Therefore, in a two-stage anaerobic digestion system, ethanol and lactic acid production needs to
be favored to improve methane production. This could reduce the problems of acid inhibition as VFA production
would decrease. Pipyn and Verstraete [18] report the Free Energy (∆G0) per mol CH4 recovered by archaea
during methane production from different fermentation metabolites: Acetic acid, -31.0 kJ/mol, propionic acid,
-32.3, butyric acid, -32.7, ethanol, -59.5, and lactic acid, -68.8. The energy recovered from the methanisation of
ethanol and lactic acid double the one from acetic, propionic, and butyric acids.

Zheng et al. [1] propose that a controlled fermentation of OFMSW to produce preferably lactic acid and ethanol
can bene�t by reducing the risks of acidi�cation during subsequent methanization. They also consider that
ethanolic fermentation can stabilize a methanogenic reactor as an essential objective. Using fermented fruits
and food wastes, with pH near 4, and ethanol concentrations of 12.5 gCOD/L, Shen et al. [21] report better and
stable operation than when the methanogenic reactor was fed with an acetic-acid-rich substrate.

Considering that lactic acid and ethanol are thermodynamically desirable for later methane production [7, 19,
20], the main objective of this work was to favor the fermentation of OFMSW for better production of lactic acid
and ethanol. Three different inocula were used: Naturally occurring microorganisms (NOM), yeast
(Saccharomyces cerevisiae), and UASB sludge from a large brewery in Mexico City. Further analysis and
methanization tests were performed to determine the effectivity of the fermentation as the �rst step of
anaerobic digestion.

Materials And Methods
Reactor for Semi-continuous Fermentation

A 3-liter reactor with an active volume of 1.5 L was operated at 35°C under anaerobic conditions. The reactor
has a twin-bladed mechanical mixing (Bioprocess Control, Sweden) and automatic pH control consisting of an
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electrode, a control device, and two peristaltic pumps for solutions of NaOH 2 M and phosphoric acid 2 M. pH
was adjusted continuously between 4.0 and 4.1. 

Daily, the fresh substrate was prepared with OFMSW suspended in tap water for a concentration of 40 gVS/L.
One hundred mL were used for characterization, and the rest to feed the reactor. From the 1.5 L effective reactor
volume, 1.35 L were extracted daily and replaced with the freshly prepared OFMSW suspension. Only 150 mL of
the reactor content was left as inoculum for the next batch. Wu et al. [5], Zhou et al. [6], Shen et al. [21], and
Zhao et al. [11] worked with substrate concentrations between 4 and 8% solids to avoid product inhibition. They
also adjusted the reaction times between 12 and 36 hours as they observed the highest lactic acid and ethanol
production. During feeding, the contents of the reactors were thoroughly mixed for 30 seconds to guarantee
homogenization. Through OFMSW feeding, the solids retention time (SRT) was adjusted to 1.1 days.

The reactor operation consisted of three experiments, requiring six days every one of them: 1) OFMSW
fermentation without inoculation (naturally occurring microorganisms, NOM); 2) inoculation with
Saccharomyces cerevisiae, and 3) inoculation with anaerobic granular sludge from a UASB wastewater
treatment facility of a large brewery in Mexico City. For the inoculation in experiments 2 and 3, 10 gVS of every
inoculum was used [10]. 

Analytical Determinations

Total and dissolved COD, total and volatile solids, and pH were determined according to Standard Methods [22].
Methanol, ethanol, and VFA (acetic, propionic, isobutyric, butyric, isovaleric, valeric, hexanoic, and heptanoic
acids) were determined using an Agilent gas chromatograph, model 8610, equipped with a �ame ionization
detector (FID), under the following conditions: one minute at 40°C with a ramp of 10°C per minute to reach
200°C. A Stabilwax column - DA was used with hydrogen as a carrier. Samples were previously �ltered using
0.22 µm cellulose �lters. Lactic acid was determined using the spectrophotometric method proposed by
Borshchevskaya et al. [23].

Organic Fraction of Municipal Solid Waste (OFMSW)

The source-separated OFMSW was collected at the Coyoacán transfer station in Mexico City, where sampling
was made according to the quartering method [24]. Approximately 100 kg from every one of 11 trucks were
separated, and about one ton was thoroughly mixed using a skid-steer loader and shovels. After that, the
quartering method was applied two times to reduce the amount to approximately 200 kg. Undesired materials,
such as plastic bags, stones, and wood, were hand separated; the remaining "clean" OFMSW was distributed in
two-liter freezing bags and frozen at -20 °C. From this amount, 20 kg were overnight defrosted at 4°C and, using
a grain grinder, particles under 5 mm were obtained. OFMSW was characterized for total solids (TS), 279±8
g/kg, volatile solids (VS), 211±4 g/kg, chemical oxygen demand (COD), 389±48 g/kg, and total Kjeldahl nitrogen
(TKN), 5.1±0.4 g/kg. All determinations were made according to Standard Methods [22].

Inocula

The anaerobic granular sludge was collected in a UASB wastewater treatment facility of a large brewery in
Mexico City. To separate the soluble substances ("sludge washing") from the granular sludge, 400 ml were
centrifuged for 7 min at 3,600 RPM. The supernatant was discarded and replaced with tap water to complete



Page 5/25

the 400 mL; after thorough mixing, the suspension was again centrifuged. This procedure was repeated three
times. 

The yeast was commercial lyophilized baking 100% Saccharomyces cerevisiae. The characteristics were
determined to be 954±5 2 gTS/kg and 731±8 gVS/kg.

Methanization

The last samples of the 6-day experiments were placed in an automatic biogas production monitoring system
(AMPTS II, Bioprocess Control, Sweden) to evaluate the effects of fermentation on methane production. For the
methanization, granular sludge from a large UASB wastewater facility from a large brewery was used as
methanogenic inoculum. An 8 gVS inoculum was placed in every 500 mL �ask. Using the digestates from the
fermentation experiments as substrate, four concentrations were adjusted at 1.25, 2.5, 5.0, and 10.0 gVS/L. After
placing the inoculum and substrate in every �ask, to control the pH at 7.0, a 0.1 M phosphate buffer was used
as dilution water in every �ask to reach a �nal volume of 400 mL. 

At the end of the methanization test, samples were taken and analyzed for alcohols and VFA, including lactic
acid.

The biogas composition (CO2 and CH4) was determined using a gas chromatograph (SRI 8610c) equipped with
a thermal conductivity detector, stainless steel column packed with silica gel (8600-PK1A), helium as carrier gas
with a �ow rate of 27 mL/min. The detector temperature was 150 °C.

Modeling

A modi�ed Gompertz model, non-linear, Eq. 1 [25], was used to corroborate the experimental methanization
values such as the maximal production rate, methane yield, speci�c methane production, and latency time (lag
phase). The model corresponds to a descriptive sigmoid function. 

Y(t) is the accumulated methane speci�c production (mL/gVS), t is time (days), Pmax the maximum methane
production potential (mL/gVS), Rmax the maximum methane production rate (mL/gVS·d), λ is the lag phase
(days), and ℯ is the Euler mathematical constant, 2.7183. The model adjustment was made using the Statistica
7.0 software, minimizing the error between calculated and experimental values. The adjustment level was the
quadratic correlation coe�cient (R2).

Results And Discussion
Fermentation with Different Inocula

Figure 1 shows the different metabolites produced during the OFMSW fermentation with different inocula. The
semi-continuous operation of the reactors resulted in an SRT of 1.1 d. The test took six days for every inoculum,
and samples for lactic acid, VFA, and alcohols were taken every day. As the fresh OFMSW was collected at the
origin and transported to the transfer station, several hours passed, incipient fermentation was expected during
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this time; these are the values indicated as OFMSW at day zero with 6.9±0.7 gCOD/L where lactic acid and
ethanol are the main components. Small concentrations of acetic acid were detected in fresh OFMSW.

Naturally Occurring Microorganisms (NOM). Ethanol reached a maximal concentration of 5.3 gCOD/L on the
second day, and then it slowly began to decrease to 4.5 gCOD/L on day 6. As the ethanol concentration
decreased, acetic acid concentration increased with time to 4.1 gCOD/L on day 6. Lactic acid reached 15.5
gCOD/L on day 4, and it did not change during the next two days. CODof OFMSW at day zero was 6.9 g/L, and it
increased to 20 g/L on day 4, indicating that dissolved substances contribute to the formation of acids and
alcohols.

---  Figure 1  ---

Yeast. The highest ethanol concentration was reached on the �rst day with 12 gCOD/L, and then it decreased to
8.5 gCOD/L on the sixth day. Lactic acid reached a maximal concentration on the �rst day with 9.8 gCOD/L,
dropped signi�cantly on the second day, and then it increased steadily until day six; the �nal value was 9.5
gCOD/L. The acetic acid concentration did not vary signi�cantly over the six days, maintaining values between
2.0 and 2.5 gCOD/L.

UASB Sludge. Ethanol maintained values between 1.6 and 2.3 gCOD/L from days one to six. The same behavior
and values were observed for acetic acid. The surprise was the lactic acid production with a maximum of 19.6
gCOD/L on the third day. Lactic acid concentrations do not show a tendency as the concentration remains
without signi�cant changes over the experimental time.

The most important products from the fermentations were ethanol and lactic acid, corresponding to almost 90%
of all products; the other 10% was acetic acid. For lactic acid, the highest production was 80% of the total
metabolites, corresponding to the fermentation with UASB sludge, then with the native occurring
microorganisms, 63%, and �nally, with yeast, 41% was detected. The highest ethanol production was obtained
with yeast as inoculum with 50% of the total produced metabolites, then with NOM with 28%, and �nally with
UASB sludge with 12%. Like the results of Zheng et al. [1], this research observed that, during the fermentation
with yeast, ethanol concentration slightly decreased as lactic acid concentration increased. In all three cases,
acetic acid represented between 8 and 10% of all metabolites without identifying a tendency in the production.

The microorganisms were seeded only once at the beginning and, after every feeding procedure, approximately
10% of the original seed remained in the reactor for the next batch. Figure 1 shows that for yeast+NOM, the
ethanol production decreases and lactic acid increases with time: On one side, these results are associated with
the wash-out of the microorganisms with every feeding procedure and, on the other, with increasing the NOM,
slowly returning the NOM original values. This behavior was not observed for UASB sludge+NOM; the
concentrations of ethanol, acetic acid, and lactic acid did not report signi�cant changes during the six days
fermentation. For only NOM, the activity of the lactate fermenting microorganism increased with time, and the
ethanol and lactic acid concentration did not change signi�cantly over time.

Independently of the inoculum and operation conditions (SRT, 1.1 d and constant pH at 4.1), acetic acid was not
the preferred fermentation. For all three cases, the generation was approximately the same after six days.
Jankowska et al. [26] evaluated a reactor under HRT of 5, 10, and 15 d and pH from 4 to 12, and they concluded
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that, under pH 4 and 5, and HRT of 5, the VFA production decreases. Wu et al. [10] worked a reactor under pH of
3 and 4, and they managed selectivity for ethanol and very low for acetic acid. Cheah et al. [14] analyzed the
fermentation at a pH of 4 and obtained VFA where acetic acid represented 67% of all VFA; the difference was
butyric and caproic acids. This research's average acetic acid production was 2.15 gCOD/L, similar to the
reported in the previously mentioned articles. 

Fermentation Rates

The fermentation rate can be calculated as a CODfraction of the maximum CODvalue. Figure 1 presents the
fermentation rate for total metabolites and individually. 

Naturally Occurring Microorganisms (NOM).For NOM, the total fermentation rate is low during the �rst two days,
and then it increases drastically to almost 100%; after that, the rate decreases slowly to 70% at the end of the
test. Lactic acid rapidly increased on the third day, and it decreased until the end of the test. The fermentation
rate of ethanol increased the �rst day rapidly to 34%, remained unchanged on the second day, and then steadily
decreased to reach a �nal value of 15%. Contrary to the other metabolites, acetic acid decreased during the �rst
two days, increased to 10%, and remained at 9% the last three days. Although 90% of the reaction volume was
replaced every day, the microorganisms increased their activity during the test. Lactic acid was the preferred
fermentation.

Yeast + NOM.The total fermentation rate oscillated between 60 and 80%. Ethanol presented the highest
fermentation rate on the �rst day with 37%, and then it decreased slowly to 32% on the last day. Lactic acid
increased on the �rst day to decrease on the second, and then it increased again on the fourth day to slightly
decrease from 34 to 21%. Acetic acid remained with almost no changes during the whole experiment, with an
average of 7%. These results show that the yeast did not grow su�ciently to increase its concentration and that
it was slowly washed from the reactor. In the beginning, there was a maximal yeast concentration, and ethanol
increased rapidly, but, with time, the concentration and fermentation rates decreased as the yeast was washed
out of the system. 

UASB Sludge+NOM.The fermentation rate with UASB sludge is the highest of the three. The total fermentation
rate increased the �rst day rapidly to 81%; on day three, it reached 100%, and then it decreased slowly to 93% at
the end of the test. With lower values, 78% as maximum, lactic acid fermentation behaved similarly, indicating
that both lactic acid concentration and fermentation rate were highest when fermenting with UASB sludge. The
fermentation rates of acetic acid and ethanol remained low, with average values near 10% during the six days of
the test. These conditions promote lactic acid fermentation.

Soomro et al. [27] investigated the OFMSW fermentation without pH control and, unfortunately, did not analyze
for ethanol and lactic acid as they discarded their presence as a possibility. They conclude that at pH values of
4, the fermentation stopped and, after three days, the butyric fermentation took place. Gameiro et al. [15] studied
OFMSW fermentations without inoculum under different pH values, and they reported that acid fermentation
stopped at a pH of 4 with a total fermentation rate of 15%. After studying the fermentation of food wastes
(vegetables and fruits) under pH values of 4, 5, and 6, at 37°C, Zheng et al. [1] conclude that at pH of 4, the
fermentation rate for ethanol was 97.5% and the rest was acetic acid. Wu et al. [10] worked with a CSTR at 35°C,
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HRT 3 d, and pH from 4 to 7, using food waste as substrate; they report that at pH 4 the fermentation was 88%
to ethanol and the rest acetic acid. 

The previously reported authors' results differ from those in this research because some authors did not analyze
lactic acid and/or ethanol, and this discussion is only partial. In this research, lactic acid was predominant when
NOM and UASB sludge were used as inoculum, and ethanol was the primary metabolite when yeast was added
as seed at the beginning. 

According to the specialized literature, there are two metabolic routes for lactic acid production:
Homofermentative and heterofermentative (Eq. 2 and 3) [10]. The products from the homolactic fermentation
are mainly lactic acid, and the ones from the heterolactic fermentation are equimolar quantities of CO2, lactate,
and acetate or ethanol [28]. The average concentrations of acetic acid, ethanol, and acetic acid in the case of
the fermentation with NOM were 30±5, 51±6, and 132±4 mM, respectively; in the case of the fermentation with
yeast+NOM, the values were 32±4, 108±10, and 98±15 mM, respectively; the last case, the fermentation with
UASB sludge+NOM reported 28±2, 22±3, and 178±11 mM, respectively. Table 1 shows the �nal concentrations
of ethanol and lactic and acetic acids after the fermentation for six days. The ratio of lactic acid to ethanol or
acetic acid during the fermentation with NOM was, for all conditions, higher than one, proving a homolactic
fermentation because the production of acetic acid or ethanol is not related to the production of lactic acid.
During the fermentation with yeast+NOM, the molar concentration of ethanol and lactic acid are similar, and the
lactic acid to ethanol ratio is 0.91 indicating heterofermentative, but Saccharomyces cerevisiae ferment only to
ethanol. There must have been simultaneous participation of heterofermenting and homofermenting
microorganisms present as equimolar quantities of ethanol and lactic acid were produced (Table 1).

---   Table 1  ---

Table 2 shows total and soluble COD at the end of the 6-day fermentation tests for the three cases. For all three
cases, total COD decreased during the six days from 9% in the fermentation with UASB sludge to 14% for the
fermentation with NOM. Simultaneously, soluble COD increased in all three cases: 16% for the fermentation with
yeast+NOM, 9% for NOM, and 5% for UASB sludge+NOM.

Also, from Table 2, the TS decreased 21% for the fermentation with NOM, and 4% for both fermentations with
yeast+NOM and UASB sludge+NOM. For the fermentation with NOM, the VS decreased 25%, 19% for
yeast+NOM, and 10% for UASB sludge+NOM. The solids decrease indicates lower hydrolysis rates for all three
cases. Kandylis et al. [29] report de�cient hydrolytic processes when the pH is low, especially under 5.5, where
the enzymatic activity is also very low and inhibits microbial metabolism. Gameiro et al. [15] con�rm that
fermentation at pH of 4 deactivates the hydrolytic processes as it inhibits the microbial processes.

---  Table 2  ---

Methanization of Digestates from the Previous Fermentation
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After six days of fermentation with different inocula, the resulting digestates were analyzed for methane
production at various substrate concentrations (Figure 2). Raw OFMSW was used for comparison, and the test
ran for 30 days. As a general observation, methane production increased with increasing substrate
concentration, but inhibition was observed at higher substrate concentrations. 

---  Figure 2  ---

Methane Production from Raw, Unfermented OFMSW (reference substrate)

This test was conducted to reference how much methane can be obtained directly from the methanization of
the unfermented OFMSW. Figure 2 shows the methane production curves during 30 days. The lowest curve is
the blank, only inoculum, and the other curves indicate increasing methane production with increasing substrate
initial concentration. During the �rst days, methane production is fast, and then the production rate decreases
showing a second stage, typical for acetogenesis [30]. Figure 3 indicates that the �nal methane production is
directly proportional to the initial substrate concentration with a good correlation coe�cient.

Methane Production from OFMSW Fermented only with Naturally Occurring Microorganisms (NOM)

As in the previous case, methane production started fast, and then it decreased to show a prolonged lag-phase
(diauxic behavior) for the two highest concentrations. The highest substrate concentration presents a parallel
production to the blank and, after approximately ten days, it increased signi�cantly to �nish the production on
day 27. The �nal values after 30 days are similar to the ones of the raw unfermented OFMSW. Figure 3 shows a
linear behavior between �nal methane production and initial substrate concentration. These last values are
almost the same as those of the �nal methane production of raw unfermented OFMSW.

---  Figure 3  ---

Methane Production from OFMSW Fermented with Yeast and NOM

The two lower initial substrate concentrations (1.25 and 2.5 gVS/L) were similar to the two previously discussed
cases. The two higher concentrations (5 and 10 gVS/L) had different patterns, indicating substrate inhibition.
The 5 gVS/L case presented similar values as the case with 2.5 gVS/L and �nal value, considering that the 30-
day test was not enough for the reaction. For the 10 gVS/L case, after three days, the reaction stopped and, after
ten more days, the methane production suddenly reactivated; unfortunately, a problem with the reaction cell
prevented methane monitoring after day 22. Figure 2 shows that the two lower initial substrate concentrations
correspond with the methane production of the unfermented OFMSW and the OFMSW fermented only with
NOM. The value for 5 gVS/L is low, indicating inhibition, and the value for 10 gVS/L is missing.

Methane Production from OFMSW Fermented with UASB Sludge and NOM

As in the previous cases, the methane production during the �rst two days was fast, and then it decreased
considerably to rates similar to the blank during several days. Only the methane production of the highest initial
substrate concentration stopped after three days. Then, it began suddenly on day 12 and stopped short on day
17; it increased again to stop on day 26. The two lowest substrate concentrations continued producing methane
at the same rate as the blank after day 12. The �nal values are shown in Figure 3.
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During the �rst seven days, all the curves in Figure 2 show similar behavior. The digestate from the fermentation
with yeast+NOM presents the lowest methane production during the �rst seven days. The lowest substrate
concentration reports the lowest methane production rates, followed by the next higher substrate concentration.
As the substrate concentration increases, methane production varies according to the substrate type. The
methane production curves show two stages, and the second corresponds to acetogenesis followed by
methanogenesis [30].

An evident inhibition is observed for the 10 gVS/L concentration as methane production stops after three days
for the digestates from the yeast+NOM and UASB sludge+NOM fermentations. In the case of the yeast+NOM,
the methane production reactivates drastically after 17 days, and, unfortunately, a failure in the methane
counter cell did not allow to follow the further development of the curve. It took 11 days for the UASB+NOM to
reactivate with a sudden increase in methane production; the curve indicates instability till the end of the
experiment. 

Figure 3 shows the values for the �nal methane production, calculated from Figure 2. The �nal methane
produced is plotted versus the substrate added at the beginning of the test. The best �t for a straight line is for
unfermented OFMSW, meaning that the methane production from different initial substrate concentrations is
directly proportional to the substrate concentration, and no inhibition could be detected. At lower substrate
concentrations, the methane production from the digestates fermented with NOM, yeast+NOM, and UASB
sludge+NOM are higher than the unfermented OFMSW.

The speci�c methane production, obtained through Figure 3, considers only the lower three substrate
concentrations. As seen in Figures 2 and 3, the �nal values for the 4 gVS tests are, except for the unfermented
OFMSW, lower than expected. Inhibition is the cause of this behavior. In the case of the fermentation with
yeast+NOM, only the two lowest values are considered to behave consistently with the other cases. The values
that do not �t in the lines are lower than expected, consistent with inhibition. In subsequent sections of this
article, it will be shown that this inhibition is caused by propionic acid.

Table 3. shows the speci�c methane production calculated from Figure 3. Theoretically, the intercept
corresponds to the blank methane production. Jojoa-Unigarro and González-Martínez [30] demonstrated that
endogenous methane production strongly depends on the substrate, leading to a wrong interpretation when
considering endogenous production as a constant. Analyzing the scale in the y-axis and intercepts in Figure 3,
and considering the analytical error, the calculated intercepts of unfermented OFMSW and fermented with UASB
sludge+NOM are close. The digestate from the fermented OFMSW with NOM is higher (322 NmL/gVS) than the
other two, indicating higher endogenous methane production. 

---  Table 3  ---

Discussion on Methane Production from Fermented Organic Solid Wastes

Table 4 compares the results obtained in this research with other authors. In most cases, the methane
productions are similar among the authors, and, in a few instances, the production is higher than most. The
primary discrepancies in the values reported in Table 4 are based on the origin and composition of the wastes.
Working with OFMSW from the same source as this research, Figueroa-Escamilla and González-Martínez [31]
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report higher amounts of lignocellulosic compounds from garden wastes included in the OFMSW. The authors
cited in Table 4 worked mainly with fruits and vegetable wastes containing more elevated amounts of sugars
and other readily biodegradable substances. Unlike this research where different variables were tested, several
authors determined the methane yield based on limited operational conditions; in some cases, they report the
values from liquid wastes where the hydraulic retention times (HRT) were relatively low [3, 32, 33]. These last
authors report methane production from 300 to 350 NL/kgVS, which is higher than this research (max. 196
NL/kgVS). Liquid wastes are known to contain higher concentrations of readily biodegradable substances as
most of the complex substances remain in the solid fraction.

---  Table 4  ---

Working with CSTR and relatively low organic loading rates and in one-stage and two-stage anaerobic digestion,
Baldi et al. [34] obtained the highest methane production rates with 694 and 705 NL/kgVS, respectively, where
the highest value corresponds with the two-stage anaerobic digestion. These values are much higher than those
reported by Campuzano and González-Martínez [35] and those obtained in this research.

Baldi et al. [34], Ma et al. [36], and Valentino et al. [37] evaluated the anaerobic digestion process in two stages
and compared their results with the methane production in one stage using food wastes as substrate. It is
important to note that the reported results in Table 4 contain similar process variables to those in this research.
For example, all values were obtained under mesophilic temperature, and SRT was from 15 to 30 days. Some
authors report results from batch experiments and others from CSTR. Comparing the results of the one-stage
process, in the two-stage process, they managed an increase in methane production between 0.5 and 10%. This
research achieved a 5% increase when the substrate concentrations were relatively low because the inhibition
caused by higher substrate concentrations reduced methane production. 

Using maize, fruits, and vegetable wastes in a two-step process, Schievano et al. [38] noted that the advantages
of the two-stage process result in a better energy recovery; they report an increase of 23 to 43% in energy
recovery compared to the one-step process only when operating under lower organic loading rates. Under pH of
6.6, Valentino et al. [37] conclude that under these conditions, propionic and valeric acid fermentations are
predominant, representing both acids 50% of the total metabolites. They also conclude that methanogenesis
after the fermentation must be run under lower organic loading rates to allow the uptake of propionic and
valeric acids through acetogenesis.

Yu et al. [39] report similar methane productions to this research (184 vs. 196 NL/kgVS). The main differences
are that Yu et al. [39] worked at 37°C instead of 35°C, and the reaction time was 20 days instead of 30 days.
The general conclusion is that a two-stage process is more �exible than a one-stage process. Higher methane
productions are achieved with continuous reactors, followed by semi-continuous and, �nally, with discontinuous
systems. To achieve higher methane production, methanization needs to be run under lower organic loading
rates independently of the inoculum used for fermentation.

Modeling with the Modi�ed Gompertz Equation

For the Gompertz modeling, the methane produced was transformed in speci�c methane production by dividing
the produced methane by the substrate concentration (Figure 1). Using the program Statistica 7.0 a non-linear
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�t was plotted (Figure 4) to minimize the differences between calculated and experimental values. As a result,
the parameters Pmax, Rmax, and λ can be calculated (Eq. 1).

---  Figure 4  ---

According to the Gompertz modeling, Table 5 shows the speci�c methane production according to the initial
substrate concentration of the different fermented digestates and raw, unfermented OFMSW. Pmax is the
maximal methane yield or speci�c methane production; Rmax is the maximum methane production rate, and λ
is the latency time. The speci�c methane production is inversely proportional to the substrate concentration for
all tested substrates, the experimental data, and the calculated values. For every one of the tested digestates,
the highest methane production corresponds to the concentration of 1.25 gVS/L. The most increased methane
production corresponds to the fermentation with yeast+NOM with 707 NL/kgVS, and it represents only 6% more
than the methane production of unfermented OFMSW. 

The lowest speci�c methane production corresponds to unfermented OFMSW at 1.25 gVS/L with 662 NL/kgVS;
with increasing substrate concentration to 2.5 gVS/L, the methane production signi�cantly decreased to 421
NL/kgVS. At a substrate concentration of 10 gVS/L the speci�c methane production fell to 269 NL/kgVS. 

At a substrate concentration of 1.25 gVS/L, the digestate from the fermentation with UASB sludge+NOM,
produced 671 NL/kg at 10 gVS/L, and this production decreases as the substrate concentration increases. For
the digestate from yeast+NOM, the speci�c methane production decreases at a substrate concentration of 2.5
gVS/L, and it decreases further to 157 NL/kgVS as the substrate concentration increases to 10 gVS/L. 

Using the modi�ed Gompertz model, Figure 4 compares the calculated with the experimental values. The
correlation coe�cients are between 0.98 and 0.99 (Table 5). Comparing Pmax with the observed values, the
model overestimates between 0.5 to 14%, the methane production cases, and substrate concentrations. For the
methane production from the USAB sludge+NOM digestate, the model overestimates 37 to 49% of the two
highest substrate concentrations values. Similar is the behavior for unfermented OFMSW at the highest
concentration, where the overestimation is 41%. These results indicate that the adjustments made by the
modi�ed Gompertz model �t better for the lower substrate concentrations, independently of the case.

The Gompertz model is a sigmoid function, and it �ts better when anaerobic digestion consists of only one step
when the methane production is used as a variable. The model indicates that the curve would stabilize when
reaching the methane production of 384 NL/kgVS (Table 5). At the higher concentrations of 5 and 10 gVS/L,
Figure 4 shows that the �tted curve does not pass near all the experimental data, and it tends to show the data
as a straight line. 

Pmax indicates that the methane production rate decreases with increasing substrate concentration (Table 5).
The curves in Figure 5 shows that the methane production during the �rst days is faster as the substrate
concentration decreases. Only for the digestate from the fermentation with yeast+NOM, the behavior cannot be
predicted with the experimental values, but the Gompertz adjusted curve allows to predict the behavior. It can be
concluded that the three cases proposed in this research produce methane faster than the unfermented OFMSW
at lower substrate concentrations.
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The latency time is essential for the evaluation of the anaerobic digestion process. It re�ects the time the
microorganisms require to adapt to the new conditions, including the new substrate. Table 5 shows that, except
for two experiments with a substrate concentration of 10 gVS/L, all λ values have a negative value, indicating
that the microorganisms began methane production immediately after being put in contact with the substrate.
The positive values in the cases of the fermentation with NOM and yeast+NOM under 10 gVS/L substrate
concentration suggest a substrate inhibition. According to Chu and Barnes [40], the negative values correspond
to a well-adapted inoculum and a readily biodegradable substrate. 

Metabolites Remaining after Methanisation

After the methanisation of the different fermented digestates, analysis for other possible metabolites was made
after the 30 days of the test. Figure 5 shows the relative concentrations, as COD, versus the initial substrate
concentrations, as VS. Identi�ed were methanol, ethanol, and acetic, propionic, butyric, and isobutyric acids.
Surprisingly, several of these metabolites remained after 30 days of methanization. 

---  Figure 5  --

Unfermented OFMSW. Unfermented OFMSW was subjected to methanization to have a reference. The acetic
acid production increased inversely with the substrate concentration, and the production of propionic and
butyric acids increased with substrate concentration. Ethanol remained relatively low independently of the initial
substrate concentration.

Digestate from the Fermentation with NOM. The digestate from the fermentation with NOM produced the
highest concentrations of acetic acid. Acetic acid production was inversely proportional to the initial substrate
concentration, and propionic and butyric acids increased substantially with increasing substrate concentration.

Digestate from the fermentation with Yeast+NOM. The highest concentration of propionic acid remained after
the methanization of the digestate from the fermentation with yeast; the propionic acid production increased
substantially with the substrate concentration. With increasing propionic acid, butyric acid also increased but
with lesser concentrations. Ethanol and acetic acid remain in lower concentrations, although a total
consumption could have been expected after 30 days of methanization. 

At the end of the methanization, the digestate from yeast+NOM shows lower concentrations of ethanol and
acetic and butyric acids at lower substrate concentrations (Figure 5); at higher substrate concentrations, at the
end of the methanization, propionic acid is also present with 1.1 gCOD/L. This explains why the methane
production decreased under the higher substrate concentrations: Propionic acid is an inhibitor of methanization.
Jojoa-Unigarro and González-Martínez [30], in their research about acetogenesis, report that propionic acid
concentrations above 300 mgCOD/L partially inhibit methanization and that, concentrations above 1,200
mgCOD/L the methane production is inhibited under the values of the blank. When lactic acid is present,
acetogenesis produces propionic acid, and methanization can be inhibited. In their study about anaerobic
digestion in two stages, Shen et al. [21] report that when the organic loading rate is not adjusted correctly, higher
concentrations of metabolites will be produced, and VFA and alcohols will cause inhibition during
methanization. Signi�cantly, propionic and butyric acids need to be considered to reduce the adverse effects of
inhibition on the methanization process.
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Digestate from the Fermentation with UASB Sludge+NOM. Figure 5 shows that, at the end of the methanization,
the concentration of propionic acid increased drastically with substrate concentration. The methanization from
this digestate shows inhibition caused by propionic acid at the highest concentration of 10 gVS/L. Ethanol was
present at lower substrate concentrations and butyric acid only at the highest concentration. The combination
of propionic and butyric acids at the higher concentration is the cause for the signi�cant inhibition (Figure 3).
The acetic acid concentration did not change signi�cantly with substrate concentration, and isobutyric acid was
detected only at the lowest substrate concentration.

Conclusions
OFMSW fermentation with naturally occurring microorganisms (NOM) and UASB sludge + NOM produce
mainly lactic acid, 60% and 80% of total COD, respectively. Yeast + NOM fermented primarily in ethanol with
50%.

The highest hydrolysis rates were achieved with yeast + NOM with 66%. Total solids decreased 10% in six
days, and the dissolved solids increased in the same proportion.

The methane production from the fermentation digestates increases with decreasing substrate
concentration.

The highest methane production was obtained with the digestate from the OFMSW fermented only with
NOM, followed by the digestate fermented with UASB sludge + NOM. The lowest speci�c methane
production is the one with raw, unfermented OFMSW. Independently of the inocula, all the fermented
digestates produced more methane than the unfermented OFMSW.

Methane production from the digestates from yeast + NOM increased with the initial concentration;
propionic and butyric acids concentrations signi�cantly increased with substrate concentration.

Propionic and butyric acids are the primary metabolites remaining after the methanization of the fermented
digestates. After 30 days of methanization of the digestate from yeast + NOM, with increasing initial
digestate concentration, propionic and butyric acids increased from 350 to 1,250 mgCOD/L; this indicates
inhibition during methane production at higher substrate concentrations.

Modeling with the Gompertz equation correlates with the experimental data and indicates that inhibition
increased with increasing substrate concentration, independently of the inocula used for previous
fermentation.

The digestate from UASB sludge + NOM showed lower propionic and butyric acid concentrations than the
other digestates; inhibition at higher substrate concentrations was detected.

The methane produced from raw, unfermented OFMSW was not inhibited; the propionic and butyric acids
concentrations after the 30-day methanization were the lowest of all four cases.
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Tables
Table 1. Concentrations of metabolites at the end of the 6-day fermentation. All values are concentrations in
mMol/L. NOM, naturally occurring microorganisms.

  Lactic acid Ethanol Acetic acid

Fermentation with NOM 132±4 51±6 30±5

Fermentation with yeast + NOM 98±15 108±10 32±4

Fermentation with UASB sludge +NOM 178±11 22±3 28±2

Table 2. COD, solids, and hydrolysis rate at the beginning and end of the 6-days fermentation. NOM, naturally
occurring microorganisms.
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Inoculum COD (g/L) Solids (g/L) Hydrolysis rate

Initial Final Initial Final (gCODdiss/

kgTS·d)

(gCODdiss/

kgCODt·d)Total Diss. Total Diss. TS VS TS VS

NOM 75±10 23±3 64±6 25±2 52±4 40±4 41±5 30±2 35  24

Yeast+NOM 82±6 25±1 74±7 29±2 54±5 42±4 52±4 34±3 66 44

UASB
sludge+NOM

74±3 22±1 68±6 23±1 54±6 42±4 52±2 38±1 12 9

Table 3. Speci�c methane production for the three cases plus unfermented OFMSW as reference. Included are
also the correlation coe�cients and the intercept values obtained from Figure 3.

  Slope

(Speci�c CH4 production, NmL/gVS)

Intercept Corr. Coef.

Unfermented OFMSW 220 235 0.9639

Fermented with NOM 322 150 0.972

Fermented with yeast+NOM 420* NA NA

Fermented with UASB sludge+NOM 244 209 0.9771

*Obtained with two values. NA, not available

Table 4. Comparison of the speci�c methane production and conditions of fermented organic solid wastes.
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Author Substrate Inoculum for
fermentation

Methanogenesis CH4
production

(NL/kgVS)

This
research

OFMSW
with garden
trimmings

Yeast. Batch. 35°C. pH 4.
SRT 24 h.

Batch, 35˚C, reaction 30 d 62

UASB sludge. Batch.
35°C. pH 4. SRT 24 h.

Batch, 35˚C, reaction 30 d 101

Native microorganisms.
Batch. 35°C. pH 4. SRT
24 h.

Batch, 35˚C, reaction 30 d 196

Without fermentation Batch, 35˚C, reaction 30 d 217

Ma et al.,
2020

Food waste Yeast. Batch. SRT 24 h,
35˚C

Semicontinuous, 37˚C, HRT 20 d,
OLR 5.5 gVS/L·d

203

Without fermentation Semicontinuous, 37˚C, HRT 20 d,
OLR 5.5 gVS/L·d

184

Yu et al.,
2018

Food waste
and
distiller's
grains

Yeast. Batch. SRT 24 h.
35˚C

Batch, 35˚C, Inoculum/substrate
ratio 3 (VS), digestion time 38 days

280

Ganesh et
al., 2014

Fruit and
vegetable
waste

Mixed cultures for VFA
Batch. SRT 5 to 10 d.

Methanization only of the liquid
fraction. CSTR, HRT 30 d, 37˚C,
OLR 7.0 gVS/L·d

300

Bouallagui
et al., 2004

Fruit and
vegetable
waste

Mixed cultures for VFA
Reaction 21 h. 35˚C

Methanization only of the liquid
fraction. Batch, HRT 21 h, 35˚C, OL
1.29 gDQO/L·d, SRT 10 d

320
NL/kgCOD

Rajeshwari
et al., 2001

Vegetable
market
waste

Mixed cultures for VFA
Reaction 40 h. 35˚C

Methanization only of the liquid
fraction. UASB, HRT 16 h, 37˚C, OL
19.6 gDQO/L·d

350

Shen et al.,
2013

Fruit and
vegetable
waste

Mixed cultures for VFA
CSTR. HRT 10 d. 37˚C

HRT 10 d, 37˚C, OLR 4.0 gVS/L·d 351

Without fermentation HRT 30 d, 37˚C, OLR 4.0 gVS/L·d 328

Baldi et al.,
2019

Food
waste 

Native microorganisms.
CSTR. HRT 3 d, 35˚C.
OLR 14.2 kgVS/m3·d

CSTR, HRT 12.8 d, 35˚C, OLR 2.5
kgVS/m3·d

705

Without fermentation CSTR, HRT 17 d, 35˚C, OLR 2.5
kgVS/m3·d

694

Table 5. Speci�c methane production and values were obtained with the Gompertz model.



Page 21/25

Inoculum for
fermentation

Substrate
concentration
(gVS/L)

CH4 yield
(N.L./kgVS)

Values obtained with Gompertz

Pmax

(NL/kgVS)

Rmax

(NL/kgVS·d)

λ

(d)

R2

NOM 1.25 707 710,4 114,4 -4,7 0,9980

2.5 569 604,2 64,0 -6,5 0,9937

5 389 441,6 29,4 -10,5 0,9846

10 270 301,5 33,0 4,8 0,9802

Yeast + NOM 1.25 664 667,0 110,1 -3,9 0,9980

2.5 547 567,5 64,1 -5,6 0,9939

5 195 223,2 16,1 -8,2 0,9951

10 157 NA NA NA NA

UASB sludge +
NOM

1.25 677 696,7 92,5 -4,5 0,9982

2.5 486 503,2 64,1 -5,4 0,9964

5 344 471,1 26,3 -11,5 0,9890

10 180 268,2 20,7 3,2 0,9812

Raw OFMSW 1.25 663 684,6 89,5 -3,5 0,9981

2.5 422 428,5 76,7 -3,4 0,9920

5 387 417,2 45,3 -6,1 0,9922

10 271 383,5 21,5 -8,1 0,9933

NOM: Naturally occurring microorganisms. NA, not available

Figures
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Figure 1

Legend not included with this version.
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Figure 2

Legend not included with this version.

Figure 3

Legend not included with this version.
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Figure 4

Legend not included with this version.

Figure 5

Legend not included with this version.
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