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Abstract: Sugar beet by-products are a lignocellulosic waste generated from sugar beet industry
during the sugar production process and stand out for their high carbon content. Moreover, cow
manure (CM) is hugely produced in rural areas and livestock industry, which requires proper
disposal. Anaerobic digestion of such organic wastes has shown to be a suitable technology for these
wastes valorization and bioenergy production. In this context, the biomethane production from
the anaerobic co-digestion of exhausted sugar beet pulp (ESBP) and CM was investigated in this
study. Four mixtures (0:100, 50:50, 75:25, and 90:10) of cow manure and sugar beet by-products were
evaluated for methane generation by thermophilic batch anaerobic co-digestion assays. The results
showed the highest methane production was observed in mixtures with 75% of CM (159.5 mL CH4/g
VolatileSolids added). Nevertheless, the hydrolysis was inhibited by volatile fatty acids accumulation
in the 0:100 mixture, which refers to the assay without CM addition. The modified Gompertz model
was used to fit the experimental results of methane productions and the results of the modeling show
a good fit between the estimated and the observed data.

Keywords: exhausted sugar beet pulp; cow manure; anaerobic co-digestion; thermophilic

1. Introduction

Anaerobic co-digestion (AcoD) of lignocellulosic biomass and animal manure to
produce biogas has gained increasing recognition over the years thanks to the synergy
produced between this type of wastes, creating a positive energy balance, which leads to
a high yield of biogas and elimination of organic matter. The anaerobic digestion (AD)
process is defined in the literature as a complex biological process of four stages: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Moreover, the AD process involves a wide
variety of micro-organisms acting individually and/or in parallel in the consumption of
organic matter to produce biogas [1,2]. One of the main factors influencing the performance
of the AD process lies on the inhibition due to the accumulation of volatile fatty acids
(VFA). Zhao et al. [3], reported that AD of agro-industrial waste could lead to an inhibition
of the process due to its high carbon content since VFAs are derived from organic carbon.
AcoD can be considered as an improvement of the AD due to several considerations such
as the optimization in the nutritional balance of the microorganisms in the system, the
maintenance of a resistant microbial mixture in the reactor, the balance between the four
phases of the AD process, and the improvement of the biomass biodegradability [4]. All
these aspects are directly influenced by the characteristics of the co-substrates used.
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Exhausted sugar beet pulp (ESBP) is classified as lignocellulosic biomass. However,
this type of high-value agro-industrial waste is difficult to degrade in AD due to its
hemicellulose, cellulose, and lignin content [5,6]. Whereas the cattle manure, another
organic waste that has been widely studied in the AD process, is characterized by its high
energy density and nutrient content, as well as being easily accessible [7]. Therefore, the
use of residues such as cattle manure as a co-substrate in AcoD offers buffer capacity and a
source of additional microorganisms/enzymatic capacity to the anaerobic process [1,8].

Cow manure (CM) is one of the most interesting wastes that is used as a co-substrate
in the anaerobic co-digestion of agro-industrial waste [9,10]. In the Statistical Yearbook of
Spain 2019, they reported that in Spain there are more than 6 million heads of cattle [11].
Therefore, the use of CM in AcoD processes would help to mitigate the negative effects
on climate change in the country due to GHG emissions from CM during storage and
processing [8].

Li et al. [12] investigated the co-digestion of rice straw with cow dung (VS ratio (1:1))
and obtained a 9.6% improvement in methane production yield with respect to anaerobic
digestion of rice straw individually. In the same line, Akyol et al. [13] reported that the
co-digestion process of cow dung and barley was more efficient in all the mixing ratios
studied (cow dung:barley ratios of 1:1, 2:1 and 1:2) compared to the mono-digestion of
cow dung with an improvement in the specific CH4 production of 35%, 31% and 22.8%,
respectively. Moreover, they reported that the high acidification in the reactors was from
the barley, but there was no accumulation of volatile fatty acids at the end of the digestion.
In another study of co-digestion of tomato and maize stubble residues with cow dung,
they found that the mixtures containing 13%, 33% and 54% of cow dung have 10.2, 0.9 and
0.5 times higher methane yield than the digestion of individual substrates, respectively [14].
In a study of Wang et al. [15], they investigated the co-digestion of cattle manure, chicken
manure, and wheat straw and reported that co-digestion improved process yield due to
the synergistic effect of these substrates. Similarly, Montoro et al. [16] reported that AcoD
of dairy manure and sweet potato had positive synergistic effects, increased buffer capacity
and the nutrients balance in the system, leading to improve the substrates biodegradation.

Several researchers have studied the influence of temperature on the anaerobic co-
digestion of agro-industrial waste. Li et al. [17] reported that operating under thermophilic
conditions can help in the degradation of recalcitrant material in the hydrolysis phase of the
AD of waste classified as lignocellulosic biomass. However, if there is no balance between
the hydrolysis, acidogenesis, and methanogenesis phases there may be the accumulation of
VFAs, delaying the AD process and lowering methane productivities. Chuenchart et al. [18]
studied the mono-digestion and co-digestion of chicken manure and food waste under ther-
mophilic conditions and reported that the process was better in co-digestion thanks to the
syntrophic association between the oxidants of the substrate and hydrogenic methanogens,
these methanogens use carbon dioxide and hydrogen produced by the acetoclastic bacteria
for their transformation into methane. The presence of these methanogens is due to the fact
that the process of syntrophic oxidation of acetate is common in thermophilic conditions.

In another study, they report that temperature as a variable in the AD process is a
critical factor that affects the rate, reaction, and activity of microorganisms. Thus, high-
temperature conditions accelerate the hydrolysis stage resulting in higher yields of methane
and elimination of pathogens. Nevertheless, compared with mesophilic processes, ther-
mophilic temperatures present instability of the process by being more sensitive to changes
that may occur in the reactor, such as the accumulation of VFAs [19].

With regard to the problems of inhibition by the accumulation of VFAs in AD men-
tioned above, Fdez-Güelfo et al. [20] used interesting parameters as criteria to identify the
stage of the AD process that causes destabilization of the system. These parameters are the
dissolved acid carbon (DAC) which refers to the sum of the carbon present in the VFAs
form, the dissolved organic carbon (DOC) which refers to the concentration of solubilized
carbon in the hydrolysis stage, and the carbon as acid substrate (ASC) which refers to the
difference between DOC and DAC. Angeriz-Campoy et al. [21] used these parameters in
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their research on AD of food wastes and reported that high values of ASC are related to an
imbalance between the hydrolysis and acidogenesis stages.

The objective of this study is to evaluate the effect of cow manure as co-substrate in
the thermophilic anaerobic co-digestion with exhausted sugar beet pulp at four different
mixtures. In addition, indirect and kinetic parameters have been evaluated aiming to
understand the balance between the different AD steps and compare experimental and
predicted data, respectively. In this study, it is highlighted that the use of CM as a co-
substrate in the anaerobic digestion of ESBP helped in the stabilization of the anaerobic
process and in the degradation of VFA into methane. It should be borne in mind that the
use of thermophilic temperature conditions in co-digestion of sugar-beet by-products with
cow manure has not been addressed previously.

2. Material and Methods
2.1. Substrates

Exhausted sugar beet pulp (ESBP) was provided by AB SugarTM from its factory
located in Jerez de la Frontera (Cádiz, Spain). The substrate was presented in small
cylindrical dry pellets which were stored at −20 ◦C prior their use. A 24 h rehydration
procedure was applied in order to obtain the final total solids content of 8% [22]. On the
other hand, the cow manure (CM) was collected from a medium sized local farm located in
El Puerto Santa María (Cádiz, Spain) where the liquid slurry was discarded in an industrial
sedimentation tank. CM was also stored at −20 ◦C.

Inoculum for batch tests was sampled from a semicontinuous thermophilic anaerobic
digester operating at 30-days hydraulic retention time and fed with a CM:ESBP mixture at
8% a wet weight proportion of 90:10. This inoculum reactor was operated in a stable way
during a year.

Physicochemical characteristics of substrates and inoculum are shown in Table 1.

Table 1. Characterization of substrates and inoculum.

Parameters Units CM ESBP Inoculum

pH - 6.98 ± 0.02 6.22 ± 0.04 7.66 ± 0.04
Total solids (TS) (%) 31.91 ± 0.37 87.07 ± 0.02 4.20 ± 0.04
Volatile solids (%TS) 45.45 ± 0.41 87.79 ± 0.54 57.92 ± 0.07

Alkalinity (gCaCO3/kg) 38.05 ± 0.57 0.43 ± 0.10 4.8 ± 0.10
Total volatile fatty acidity (TVFA) (g/kg) 1.28 ± 0.04 219.34 ± 0.42 0.15 ± 0.01

Solubilized organic matter (sCOD) (g/kg) 23.50 ± 2.79 217.44 ± 5.95 4.20 ± 0.11
Dissolved organic carbon (DOC) (g/kg) 8.38 ± 0.05 93.14 ± 0.01 1.55 ± 0.02

Total kjeldahl nitrogen (TKN) (%) 1.40± 0.45 1.36 ± 0.34 2.11 ± 0.05
C:N ratio - 16.63 ± 0.40 28.66 ± 0.20 13.94 ± 0.02

Protein and pectins (%) - 55.54 -
Insoluble lignin (%) - 3.5 -

Soluble lignin and cellulose (%) - 21.14 -
Hemicellulose (%) - 22.52 -

2.2. Experimental Design

Four duplicated batch tests were performed in order to study the effect of adding
different proportions of CM on anaerobic digestion of ESBP.

The tested mixtures (CM:ESBP) were 0:100, 50:50, 75:25, and 90:10. All the tests
were carried out at 8% TS content by initial distilled water addition. Table 2 shows the
characterization of initial substrates in each condition.
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Table 2. Initial Characterization of CM:ESBP mixtures.

Parameters Units 0:100 50:50 75:25 90:10

pH - 7.69 ± 0.05 7.05 ± 0.01 7.11 ± 0.04 7.16 ± 0.01
sCOD g/L 6.97 ± 0.31 6.77 ± 0.75 6.61 ± 0.08 4.92 ± 0.50

Alkalinity gCaCO3/L 7.88 ± 2.04 2.74 ± 0.01 3.02 ± 0.08 3.07 ± 0.48
C:N - 18.06 17.01 16.85 14.46
VS (%TS) 67.03 ± 1.79 65.65 ± 0.10 64.43 ± 0.17 58.90 ± 0.06

2.3. Experimental Device and Procedure

Eight stainless steel reactors (1.7 L working volume) were used for the assays. Tem-
perature (55 ◦C) and agitation (20 rpm) were electronically controlled in each reactor. The
stirring system consists of a central shaft with blades. The temperature was controlled by a
PID control system, by means of a PT-100 probe that was inserted inside the vessel of the
reactor. The heating system consists of a heating plate located at the base of the reactor that
distributed the heat evenly throughout the cylindrical body of a stainless steel jacket that
surrounds the reactor. The reactor cover is made of glass with several input/output ports
that were used for the temperature control, sampling, safety valve, and biogas outlet.

Inoculation ratio was fitted to 50% (wet weight proportion) and initial pH was not
fixed in order to observe the initial spontaneous reaction of anaerobic assays, although
these were subsequently controlled. Therefore, a pH of 7.0 was established as a minimum
value and lower values were daily adjusted by adding K2CO3 to the reactors.

The air in the headspace was displaced by nitrogen at day 0 and every time reactors
were opened for sampling purpose.

2.4. Analytical Methods

Biogas composition and production was measured through an on-line device. Specific
CH4, H2, and CO2 sensors (BCP-series, Bluesens®, Germany) were placed in biogas line
and volumetric on-line totalizers (Milligascounter®, Ritter®, Germany) were used for gas
production measurement.

Volatile and total solids (VS and TS), total and soluble chemical oxygen demand (COD
and sCOD), dissolved organic carbon (DOC), total Kjeldahl nitrogen (TKN), alkalinity and
pH were measured according to APHA-AWWA-WPCF Standard Methods [23].

A total organic carbon (TOC) analyzer (Analytik-Jena® multi N/C 3100, Germany)
was used for the dissolved organic carbon (DOC) determination and gas chromatography
was applied for volatile fatty acids (VFAs) determination. Acetic (C2), propionic (C3),
isobutyric (iC4), butyric (C4), isovaleric (iC5), valeric (C5), isocaproic (iC6), caproic (C6),
and heptanoic (C7) individual acids were measured in a FID-GC (Shimadzu® GC-2010,
Japan) [22].

Fiber content analysis (cellulose, hemicellulose, protein/pectin, and lignin) was per-
formed according to Van Soest method [24] in a fiber digester (FIBERTEC 8000, FOSS®,
Spain). Fiber content fractioning was measured only for the initial characterization.

All the analysis in solid samples were performed three times a week except for pH
measurement which was daily determined inside the reactor.

Samples for VFAs, DOC and sCOD measurement were previously centrifuged (3220 g
during 15 min) and filtered by 0.45 µm (Durarpore® PVDF Millipore®, USA). In addition,
samples for VFAs analysis were filtered again by 0.22 µm (Syringe PTFE filter, Millipore®

USA) [25].

2.5. Statistical Analysis

Duplicates were performed to ensure reproducibility. One-way variance analysis
(ANOVA: single factor) was applied using Microsoft® Excel® software to determine statis-
tical differences in the results obtained from different proportions of CM and ESBP tested.
This test consisted of obtaining a statistical value F, which reflects the degree of similarity
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between the means that have been compared. If the probability level (p) associated with
the F-value is less than 0.05, the hypothesis of equality of means is rejected [26].

2.6. Methane Production Modelling

Modified Gompertz model [27–29] equation was used for kinetic modelling. Equation (1)
was fitted to experimental methane production data.

Y(t) = Y × exp
{
−exp

(
Rm × e

Y
(λ − t) + 1

)}
(1)

where Y(t) is the accumulated CH4 production (mL), Y is the maximum potential CH4
production (mL), Rm is the maximum production rate (mL/d), e is the Euler number
(e ≈ 2.71828), λ is the lag phase time (d), and t is the time (days). The model fitting was
performed by STATISTICA® software.

2.7. Indirect Parameters

A set of indirect parameters has been defined to analyze the evolution of the anaerobic
process and identifying the limiting phase [21]. According to Fdez-Guelfo et al. [20],
acidogenic substrate as carbon (ASC) and dissolved acid carbon (DAC) could be used
to deepen in explaining how hydrolysis and acidogenesis stages are carried out in well-
balanced or destabilized anaerobic reactors.

DAC is estimated as the weighted sum of C2–C7 individual VFAs expressed in carbon
units. On the other hand, ASC is the fraction of solubilized organic matter that has
not been converted into VFAs. ASC values are determined by the difference between
DOC and DAC parameters. DAC and ASC formulas are shown in Equation (2) and
Equation (3), respectively:

DAC =
i=7

∑
i=2

Ai H × ni × 12
MWi

(2)

ASC = DOC − DAC = DOC −
i=7

∑
i=2

Ai H × ni × 12
MWi

(3)

AiH is the individual concentration of each VFA (C2–C7)—it must be noted than
isoacids has been included in linear acids—ni is the number of carbons and MWi is the
molecular weight. DAC, ASC, and DOC are expressed as concentrations (M/L3).

A well-balanced batch anaerobic process runs with a slight or not detected initial
increase in DAC concentration and a stable and very low level of ASC concentration.
Once the process turns to imbalanced process, DAC and ASC accumulations could be
observed. In a partial or totally inhibited batch reactor, if the acidogenic stage is limited or
inhibited, ASC shows a clear increase (located in a period or maintained in time) with DAC
consumption or not. In the case that the hydrolysis is affected, ASC is very low meanwhile
DAC could very much higher.

3. Results and Discussion
3.1. Substrate Characterization

The characteristics of CM, ESBP, and the inoculum used are shown in Table 1. The
results indicate that ESBP has a higher content of organic matter than CM in terms of VS
and solubilized organic matter (sCOD). However, the C:N ratio of ESBP is 28.66, falling
within the optimum range 20–30 for anaerobic digestion.

3.2. Statistical Significance of Results from Batch Tests

An ANOVA analysis has been used to determine if there are statistically significant
differences between the mean values of the different parameters (pH, TVFA, Alkalinity, and
sCOD) in the two reactors used for each mixture tested. The results are shown in Table 3.
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Table 3. Statistical analysis.

Mixtures pH Alkalinity sCOD TVFA

CM:ESBP F p F p F p F p

0:100 0.009 0.927 1.093 0.307 0.241 0.628 0.024 0.878
50:50 0.008 0.930 1.884 0.184 0.510 0.483 0.788 0.384
75:25 0.000 0.992 0.733 0.400 0.091 0.765 0.015 0.905
90:10 0.006 0.940 1.480 0.237 - - 2.822 0.107

The ANOVA analysis indicates that the results between replicates do not present
statistically significant differences for a confidence level of 95%. The only case for which
the data are not comparable is the sCOD for the 10:90 mix (p < 0.05). The reason could be
that, in this case, there was an error in the experimental determination of the COD of one
of the reactors, therefore, only data from one reactor is available.

3.3. pH and Total Acidity (TVFA) in Anaerobic Co-Digestion of Exhausted Sugar Beet Pulp and
Cattle Manure

Figure 1 shows the pH evolution together with the addition of alkali performed in
each test for the different mixtures studied.
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Figure 1. Evolution of pH and amounts of potassium carbonate added to the different reactors.

As can be seen, initially (first two days) there is a decrease in the pH value for all
reactors. However, for the 90:10 and 75:25 mixtures, the drop in pH was lower due to the
buffering capacity provided by the CM.

The optimal pH range for the activity of methanogenic microorganisms and biogas
production is 6.5–8.0 [30]. The addition of K2CO3 was necessary to prevent destabilization
of the process due to the fast initial hydrolysis of the more easily degradable fractions. The
potassium carbonate additions had to be higher and held for longer the higher the ESBP
content in the mixture. Therefore, the neutralization requirements of the reactors and the
time required for pH stabilization to be achieved were different for the different reactors.
Thus, the pH stabilized at values suitable for the process (around 7.3) [31] on the third
day of testing for the 90:10 and 75:25 mixtures, while 10 days were required for the 50:50
mixture. For the 0:100 assay, the pH approached 7.0 on day 12, after multiple additions of
the alkaline agent, but subsequently, it dropped again and did not stabilize until day 22 of
the test.

The pH is closely related to the formation of volatile fatty acids (VFAs) due to the
decomposition of organic matter [32]. Thus, the decrease in pH in the first days of the tests
was due to the production and accumulation of VFAs, as can be seen in Figure 2. VFA
production is more pronounced in the reactors with a higher content of organic matter (i.e.,
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higher content of ESBP). This causes higher requirements for the addition of alkaline agent
for its neutralization, as well as the delay in reaching the stabilization of the pH at suitable
values in the 0:100 and 50:50 mixtures, with respect to the other reactors.

Water 2021, 13, x FOR PEER REVIEW 7 of 18 
 

 

of the process due to the fast initial hydrolysis of the more easily degradable fractions. 

The potassium carbonate additions had to be higher and held for longer the higher the 

ESBP content in the mixture. Therefore, the neutralization requirements of the reactors 

and the time required for pH stabilization to be achieved were different for the different 

reactors. Thus, the pH stabilized at values suitable for the process (around 7.3) [31] on the 

third day of testing for the 90:10 and 75:25 mixtures, while 10 days were required for the 

50:50 mixture. For the 0:100 assay, the pH approached 7.0 on day 12, after multiple addi-

tions of the alkaline agent, but subsequently, it dropped again and did not stabilize until 

day 22 of the test. 

The pH is closely related to the formation of volatile fatty acids (VFAs) due to the 

decomposition of organic matter [32]. Thus, the decrease in pH in the first days of the tests 

was due to the production and accumulation of VFAs, as can be seen in Figure 2. VFA 

production is more pronounced in the reactors with a higher content of organic matter 

(i.e., higher content of ESBP). This causes higher requirements for the addition of alkaline 

agent for its neutralization, as well as the delay in reaching the stabilization of the pH at 

suitable values in the 0:100 and 50:50 mixtures, with respect to the other reactors. 

  

  

 

Figure 2. Comparison of the evolution of the individual VFAs (acetic, propionic, butyric, and valeric acids) and of the total 

acidity (TVFA) in the reactors. (a) Evolution of the acetic acid (Hac). (b) Evolution of the propionic acid (HPr). (c) Evolution 

of the butyric acid (HBr). (d) Evolution of the valeric acid (HIval). (e) Evolution of total volatile fatty acidity (expressed as 

g Hac/L). 

Figure 2. Comparison of the evolution of the individual VFAs (acetic, propionic, butyric, and valeric acids) and of the total
acidity (TVFA) in the reactors. (a) Evolution of the acetic acid (Hac). (b) Evolution of the propionic acid (HPr). (c) Evolution
of the butyric acid (HBr). (d) Evolution of the valeric acid (HIval). (e) Evolution of total volatile fatty acidity (expressed as
g Hac/L).

Alkalinity is a variable of great importance for the stability of the anaerobic digestion
process. A high value of alkalinity allows the system to be able to absorb the production of
VFAs, without producing sharp drops in pH. In general, operating at thermophilic range
(55 ◦C) a higher alkalinity value is required to maintain the stability of the process and to
avoid the acidification caused by the production of VFAs. This fact is related to the increase
in hydrolysis and acidogenesis rates when operating in the thermophilic range. Figure 3
shows the initial, average, and final alkalinity data for the different co-digestion mixtures.
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The initial alkalinity levels for the different substrate mixtures (CM: ESBP) ranged
between 2.64 and 3.50 g/L. These values can be considered adequate. Thus, Lorenzo and
Obaya [33] reported that the alkalinity in an AD process should be close to 2 g/L.

As can be seen in Figure 3, the alkalinity increases in all the tests from the initial to the
final stage. The increase is related to the production and solubilization of carbon dioxide
in the medium in addition to the amounts of potassium carbonate added. Therefore,
the increase is higher in tests with higher content in ESBP. As a consequence, maximum
increases were produced for 0:100 and 50:50 mixtures.

Figure 4 shows the evolution of the Acidity/Alkalinity ratio for the different tests. In
the literature [34], this parameter is used as a stability criterion for the anaerobic digestion
process, since it relates the total volatile acidity in the medium with its buffering capacity.
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The relationship between the total content of VFAs and the alkalinity shows a dif-
ferent trend for the different mixtures tested. Thus, in Figure 4 it can be observed that,
as the percentage of CM in the mixtures increases, the maximum value reached in the
Acidity/Alkalinity ratio decreases. Zhao and Viraraghavan [35] reported that if the acid-
ity/alkalinity ratio exceeds 0.8, the pH drops sharply followed by a clear inhibition in
methane production and the process fails. Increases above 0.3–0.4 indicate a system failure
and the need for a corrective action. A suitable ratio is considered to be between 0.1 and 0.2.
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Zhu and Jha [36] also agree that values higher than 0.8 can lead to inhibition of the
anaerobic process. Other researchers [37] report that a ratio of less than 0.4 is considered
optimal for liquid anaerobic digestion.

Schoen et al. [38] used the acidity/alkalinity ratio in a mathematical anaerobic diges-
tion model (ADM1) to evaluate the stability of two digesters: one from a municipal WWTP
and the other from a laboratory-scale reactor fed with cattle manure. They considered
values between 0.1 and 0.4 indicate favourable operating conditions, whereas increases
above 0.4 indicate discomfort and the need for corrective action, and if the ratio exceeds
0.8, an inhibition in the process may occur; in their study they found an imminent failure
when they exceeded the value of the 0.9 ratio.

Camacho et al. [39] studied the use of cow manure as inoculum in the dry thermophilic
anaerobic digestion of municipal solid waste. The acidity/alkalinity ratio increased exceed-
ing the value of 0.8 having to take corrective actions over pH.

According to the aforementioned studies, it has been corroborated that values of the
Acidity/Alkalinity ratio in the range between 0.1 and 0.4 are suitable for a proper operation
and values in the range between 0.4 and 0.8 are indicative of a digester distortion. Finally,
values above 0.8 indicate that the system is inhibited.

In this study, an initial increase in the acidity/alkalinity ratio is observed in all the
tests, which is more pronounced the higher the ESBP content in the mixture.

These increases are directly related to the drop in pH values observed in this same
period of time (Figure 1). The pH correction required the addition of an alkali (K2CO3)
that contributed to the increase in alkalinity and buffer capacity of the systems, allowing to
neutralize the VFAs generated and stabilizing the acidity/alkalinity ratio. Thus, the 90:10
mixture was kept at all times within the range of suitable values for the process (0.1–0.4).
For the 75:25 mixture, an initial increase is observed that causes the ratio to momentarily
rise above 0.4, but which quickly (on the third day of testing) stabilized below 0.15. For the
50:50 and 0:100 mixtures, the behavior is different and the increase in the acidity/alkalinity
ratio widely exceeds the limit value of 0.8 and continues to increase until day 5, despite the
daily additions of the alkaline agent. For day 5 of operation, the maximum is reached in
both tests (1.81 for 50:50, and 2.75 for 0:100).

From that moment, it is observed that the value of the ratio begins to decrease in
both tests, probably as a consequence of the addition of potassium carbonate and after
day 10 of operation, it is achieved that the 50:50 test is below the value 0.4. However, for
the 0:100 test, the decrease in the ratio is slower and remains above 0.8 for practically the
entire operating time, indicating the existence of a more pronounced inhibition, due to the
accumulation of VFAs in the medium.

Figure 2 shows the individual evolution of the VFAs and the total volatile acidity of
the studied mixtures. The four major organic acids produced in the different tests were
the following: acetic, propionic, butyric, and valeric. The major VFA produced was, in all
cases, acetic acid, while valeric acid was present in very low concentrations and only had a
certain importance in the 50:50 and 0:100 tests.

Acetic acid is usually the most generated intermediate in many co-digestion studies,
for example in the co-digestion of cotton stalk and pig manure [40].

The trend for each of the individual VFAs is very similar to that observed for total
acidity in each test. In Figure 2, it can be seen that the highest production and accumulation
of volatile acids took place for the 0:100 assay.

Furthermore, the inhibitory character of VFAs on methanogenic microorganisms
increases as a consequence of the associated decrease in pH [12]. In this sense, it must
be taken into account that the undissociated forms of the organic acids have a more
pronounced inhibitory effect, and that these increase when the pH is lower [41].

The 0:100 assay shows a significant accumulation of all the individual fatty acids
analyzed. This accumulation is maintained practically until the end of the test, detecting
only a slight decrease in the last value determined after 30 days of testing, although the
TVFA continues at values higher than 15 g/L. These high TVFA values may be related
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to the inhibition of acetoclastic methanogenesis [42]. Li, X. et al. [43] reported that in the
AD process, valeric acid is not normally generated in appreciable amounts and that the
formation of this VFA is due to the reversibility of the biochemical reactions of acetic acid,
propionic acid, and hydrogen.

It is important to note that in the case of the 50:50 mixture, acid concentrations
above 10 g/L have been reached in the first days, which clearly fall within the range of
methanogenic inhibition [44–47]. However, the biological system has been able to reverse
the situation by consuming these acids in a very short time. This behavior is different from
that observed for the 0:100 assay for which a higher value of TVFA is reached (greater than
23 g/L) and the system is not able to recover itself and degrade them effectively during the
30-day period.

The maximum TVFA reached in the tested mixtures increased as a function of the
proportion of ESBP in the mixture, which is related to the carbohydrate content of this
substrate [48].

The maximum TVFA concentration is also reached for different times in each mixture.
Thus, for the 90:10 mixture, the TVFA concentration constantly decreases from the initial
value of 1.01 g/L. For the 75:25 mixture, the maximum is reached on the first test day
with a value of 3.07 g/L, but the VFAs were rapidly degraded. For the 50:50 mixture, the
maximum is reached between days 5 and 7, with an average value of 10.30 g/L. Finally, for
the 0:100 assay, the maximum is reached and maintained between days 7 and 14, reaching
an average value of 23.63 g/L.

In a study of co-digestion of ESBP with cow manure in the mesophilic range, Aboudi
et al., [49] reported that the maximum TVFA achieved for the mixture (CM:ESBP) 0:100 was
15.29 g/L which is slightly minor, but comparable, to the data obtained in this study. In
stable anaerobic reactors, the VFAs produced by acidogenic bacteria should be consumed by
the action of the acetoclastic methanogenic archaea, reaching a low level from the first days.
This behavior was observed in the 90:10 and 75:25 mixtures, and it denotes a good coupling
of the acidogenic and methanogenic activities. However, the temporary accumulation of
undegraded VFAs for extended periods of time implies an imbalance between the activities
of acidogenic bacteria and methanogenic archaea, as occurs in reactors with lower CM
content (0:100 and 50:50) (Figure 2).

Regarding the evolution of the different individual VFAs, the following can be discussed:

• Acetic acid is clearly, the principal acid in all the tests and its evolution is, therefore,
very similar to that already mentioned for TVFA.

• Butyric acid reaches much lower values (an order of magnitude lower) but its evolution
is practically the same that for acetic acid, in all cases.

• Propionic acid, however, shows a different behavior. It can be seen that it is practically
residual in the 90:10 and 75:25 mixtures but its concentration increases and accumu-
lates in the system up to 14 days for both 50:50 and 0:100. From that moment on, a
slightly decreasing trend is observed in both cases, which ends with the complete
consumption of propionic acid in the 50:50 test for day 30 of operation, while for the
0:100 assay it remains at values close to 1 g/L. It is known that propionic acid is the
most inhibitory of the short-chain volatile fatty acids (acetic, propionic, and butyric
acids) in the anaerobic digestion process [50,51].

• Valeric acid has very low concentrations in all cases, although it is observed that it
increases at the end of the test. This trend is especially marked for the 0:100 test
and is in agreement with what has been previously commented on that this acid is
generated as a consequence of the reversibility of the biochemical reactions of acetic
acid, propionic acid and hydrogen [43].

Figure 5 shows the evolution of the propionic/acetic of the studied mixtures.
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The 75:25 and 50:50 mixtures exceeded the value of 1.4 in the propionic/acetic ratio, a
value determined as a limit for the correct functioning of the AD process [52]. However,
these mixtures reached admissible values over time, recovering the stability of the system.
The 90:10 mixture was maintained with a propionic/acetic ratio below 0.40, the concentra-
tion of propionic acid did not exceed 0.19 g/L. Although, the propionic/acetic ratio of the
0:100 assay had very low values, possibly, in this case, acetoclastic methanogens were not
capable of converting acetate to methane, resulting in the accumulation of acetic acid gen-
erated from propionic acid and the accumulation of propionate that was not transformed
into acetate, due to inhibition of hydrogenotrophic methanogens, which it caused low pro-
duction of CH4 as a consequence of the decoupling of the AD process. Leng Li et al. [53],
reported that approximately 6 to 35% of the total methanogenesis is derived from the
degradation of propionic acid in acetate, H2/CO2, therefore, the degradation of propionic
acid is decisive in the stability of the methanogenic stage and the digestion performance.
Furthermore, they indicate that the inhibition by acetate and propionate is due to free acids
instead of the anions because it depends on the pH.

3.4. Parameters Related to the Organic Material Evolution

ESBP is a lignocellulosic by-product that presents difficulties in the use of structural
sugars, which is due to the recalcitrance generated by lignin. In fact, as it can be seen
in Figure 6, for 0:100 assay the dissolved organic matter removal (measured in terms
of DOC) was very low, since a significant fraction remained in the medium as VFAs.
Aboudi et al. [49] found the same trend in the increase of the maximum values of DOC
when the proportion of ESBP in the mixture increases.

According to other authors, in mesophilic anaerobic co-digestion processes, the propi-
onic acid is the predominant. Li et al. [12] studied the anaerobic mesophilic co-digestion of
rice straw and cow manure, they detected that increasing the organic load in the reactor
increased the production of VFA and reported that propionic acid (1802–2761 mg/L) was
the strongest inhibitor in biogas production.

Similarly, Borowski and Kucner [45] investigated the anaerobic mesophilic co-digestion
of sugar beet pulp stillage with poultry manure and municipal sewage sludge. In the co-
digestion of stillage with 20% poultry manure, the total volatile fatty acids production was
in the range of 5500–8500 g/m3, (propionic ranged between 72 and 76% of the TVFA) while
in the co- digestion of stillage with 60% of sewage sludge, the predominant acid was acetic
acid with 72–82% of the total acidity.
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Capson et al. [54] studied three alternatives (low temperature digestion, co-digestion
with waste paper, and addition of trace elements) using batch reactors to mitigate the
accumulation of ammonia and VFA during food waste anaerobic digestion. They found
that propionic acid accumulation was predominant in all the conditions tested. In the
same line, Aboudi et al. [49] obtained maximum values of propionic acid in the range of
1100–5500 mg/L, while acetic acid was in the range of 2000–6000 mg/L approximately.

However, in this study acetic acid was the predominant, which presented accumula-
tion due to the fast hydrolysis and acidogenesis derived from operating the process in the
thermophilic range. As it can be seen in Figure 6, the accumulation of this acid affected
the methane production and organic matter removal. In this sense, according to Borja,
R. et al. [55], in some bacteria, the assimilation of undissociated CH3-COOH through the
cell membrane causes the modification of the internal pH with inhibitory effects on the
AD processes.

In Figure 6, the evolution of dissolved organic carbon and accumulated methane
production is shown. These data can be linked to the total volatile acidity evolution
reported in Figure 2e.

The highest methane production (7375 mL) was reached by the 75:25 mixture (CM:
ESBP) with a final COD of 1.09 g/L, following the 50:50 mixture with a methane production
of 6008 mL, and a final COD of 1.57 g/L. The 0:100 assay is the one with the highest
COD without degrading (8 g/L). All the assays showed synergistic effects (propionic
acid degradation and increased CH4 production in mixtures containing CM); however, the
increase or decrease in methane production can be due to different factors, such as buffering
capacity, nutrient balance, and the effect of toxic compounds (VFAs accumulation).

Fukuzaki et al. [56] studied the effect of acetic acid on methanogens in batch trials,
and they found that undissociated acetic acid affects the methanogenesis stage. In fact,
acetic acid was the predominant acid in this work, which explains the high-solubilized
organic matter and VFA accumulations in the different mixtures and the low methane
production. In this sense, Xu et al. [57] and other authors [58,59], reported that acetic acid
mainly affects acetoclastic methanogenesis since it is more sensitive than hydrogenotrophic
methanogenesis in the AD process. As it can be seen in Figure 6, this effect was the most
pronounced of the 0:100 assay.
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In addition, Zyhang et al. [60] reported that the hydrogenotrophic methanogens
inhibition may be mainly due to the accumulation of free acetic acid. However, they
indicated that, under mesophilic conditions, there is no difference among the toxicity
caused by free acetic, propionic, and butyric acids [61].

About the specific methane yield in term of VS fed, for the 75:25 mixture it was
approximately 3.3 times greater than for the 0:100 assay. This fact is due to an increase in
the CM proportion as co-substrate. The higher specific methane production reached in this
mixture may be due to the balanced carbon and nitrogen contents.

Aboudi et al. [49] studied the anaerobic co-digestion of by-product of sugar beet and
CM and they found the highest methane yield in the 25:75 mixture (ESBP-DP and CM).
This value was 1.8 times higher than for the 100:0 (ESBP-DP and CM) mixture. In another
study of co-digestion under thermophilic conditions with pig manure as co-substrate,
authors obtained the highest methane production in the 25:75 (ESBP: PM) mixture and it
was 4.4 times higher than for the 100:0 mixture (ESBP:PM) [22].

3.5. The Kinetic Model

Table 4 shows the model parameters that were obtained from fitting the experimental
data on methane production. All correlation coefficients (R2) of the studied mixtures were
above 97.9%.

Table 4. Parameters obtained in the Gompertz model.

Substrates Mixture Temperature Y (mL CH4/g
VSadded)

Rm (mL CH4/g
VSadded day) λ (day) R2 Ref.

CM:ESBP 0:100 47.903 6.606 0.094 0.9852

This study50:50 55 ◦C 140.140 31.664 5.689 0.9888
75:25 158.788 100.897 0.707 0.9996
90:10 112.081 26.724 1.024 0.9910

Spent sugar beet pulp Single 55 ◦C 336 a 87 b 0.44 - [62]

SB:CM * 25:75 35 ◦C 31.8 c 1.3 d 8.6 0.995 [42]

CM:CS:SBP ** 2:1:1 39 ◦C 194.998 e 4.017 f 2.786 0.996 [63]

SBPS–vinasse (beet
molasses) *** 3:1 37 ◦C 583.639 67.203 1.028 0.996 [64]

a ml CH4 /g VS; b ml CH4 /g VS-d; c L CH4; d L CH4/day; e mL/g TS; f mL/g TS-d); * Sugar beet by products (SB) ** Corn silage (CN);
Sugar beet Pulp (SBP); *** Sugar beet pulp silage (SBPS).

The two highest methane production rates (Rm) was obtained for the 75:25 (CM:ESBP)
mixture, corroborating that it is the best mixture tested for both residues. However, a
difference in biogas production was observed between all the mixtures; the lag phase time
(λ) for the 50:50 mixture was higher than the other study mixtures, probably due to the
drop in pH in those first days. The 0:100 assay is the one with the lowest λ in the generation
of CH4; however, it also has the lowest Rm, possibly due to the accumulation of VFAs as
mentioned in the previous section, exceeding 8 g/L of acetic acid since day one of the test
(Figure 4).

In a co-digestion study of by-products of sugar beet (SBB) and cattle manure (cow
and pig), they report that in reactors fed only with SBB, the lag phase increases as the
percentage of TS increases [42]. The 75:25 mixture presented the maximum rate of CH4
production compared to the other mixtures studied, this mixture has a C:N ratio of 16.85.
Figure 7 shows the prediction values of the model and the experimental values.
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The 75:25 and 90:10 mixtures present the highest R2 between the experimental values
and the predicted values, this may be due to the fact that they are the mixtures that contain
the highest proportion of CM, which is the most readily biodegradable substrate compared
to 0:100 and 50:50 mixtures containing higher ESBP ratios, which is characterized by having
fractions more resistant to biodegradation.

In Figure 7, it can be seen that the 75:25 mixture is the one with the greatest similarity
between the predicted values and the experimental values, with an R2 of 99.80%.

The study revealed that the highest methane production was obtained from the
mixture containing 75% CM, 159.5 mL CH4/g VSadded and it was also found that the specific
methane production was increased 3.3 times relative to the ESBP (0:100) condition. The
90:10 and 50:50 mixtures showed a yield of 112.9 and 139.3 mL CH4/g VSadded, respectively.

3.6. Indirect Parameters

Figure 8 shows the evolution of the indirect parameters of the different mixtures
studied. In the 50:50 mixture (Figure 8b), a premature depletion of the ASC can be observed,
which determines a clear limitation of the hydrolysis stage. Nevertheless, over the assay
days, the system was able to recover and consume the VFAs produced.

Analyzing the DAC, the acid consumption in the three CM-containing mixtures is
clearly visible. In the 50:50, 75:25 and 90:10 mixtures (Figure 8b–d) the DAC reaches similar
final levels 0.33, 0.05, and 0.08 g/L respectively, but a great difference can be observed
with the 0:100 assay, which indicates a decoupling of the phases of the anaerobic digestion
process [65], the system is not able to recover and the final values of all the parameters
are not close to those of the other mixtures studied, showing that in this case, hydrolysis
is effectively inhibited by the concentration of VFAs reached. In the 50:50 mixture, the
kinetic differences that occur in the digestion process can be observed (Figure 8b). A final
phase of production of acetic acid from propionic acid is also identified, although it is not
transformed to methane, possibly requiring more time (Figure 2b).



Water 2021, 13, 67 15 of 18Water 2021, 13, x FOR PEER REVIEW 16 of 19 
 

 

  

  

Figure 8. Evolution of dissolved acid carbon (DAC), dissolved organic carbon (DOC), and carbon as acid substrate (ASC) 
parameters. (a): 0:100 mixture ratio; (b): 50:50 mixture ratio; (c): 75:25 mixture ratio; (d): 90:10 mixture ratio. 

Analyzing the DAC, the acid consumption in the three CM-containing mixtures is 
clearly visible. In the 50:50, 75:25 and 90:10 mixtures (Figure 8b–d) the DAC reaches sim-
ilar final levels 0.33, 0.05, and 0.08 g/L respectively, but a great difference can be observed 
with the 0:100 assay, which indicates a decoupling of the phases of the anaerobic digestion 
process [65], the system is not able to recover and the final values of all the parameters are 
not close to those of the other mixtures studied, showing that in this case, hydrolysis is 
effectively inhibited by the concentration of VFAs reached. In the 50:50 mixture, the ki-
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In all the mixtures studied, the methane production coincides with the decreases in 
acid concentration (Figures 6 and 8); however, in the 0: 100 assay in the final days the 
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4. Conclusions 
According to the data and evolutions obtained in this study, it can be concluded that 
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In all the mixtures studied, the methane production coincides with the decreases in
acid concentration (Figures 6 and 8); however, in the 0: 100 assay in the final days the
methane production is not appreciated (Figure 6a).

4. Conclusions

According to the data and evolutions obtained in this study, it can be concluded that
the ESBP is a waste that presents difficulties for its thermophilic anaerobic degradation
since it leads to the acidification of the system. The use of a co-substrate, such as CM,
provided sufficient stability to the system, increasing its buffer capacity, and reducing the
content of biodegradable organic matter, which allowed the accumulation of VFAs not to
completely inhibit the process and that they could be degraded to methane.
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