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Abstract: In an anaerobic digestion (AD) process, the hydrolysis phase is often limited when substrates
with high concentrations of solids are used. We hypothesized that applying micro-aeration in the
hydrolysis phase and the application of granular activated carbon (GAC) in the methanogenesis
phase could make the AD process more efficient. A packed bed reactor (PBR) coupled with an
up-flow anaerobic sludge blanket (UASB) was conducted, and its effects on methane generation
were evaluated. The micro-aeration rate applied in PBR was 254 L-air/kg-Total solids (TS)-d was
compared with a control reactor. Micro-aeration showed that it reduced the hydrolysis time and
increased the organic matter solubilization as chemical oxygen demand (COD) increasing 200%,
with a volatile fatty acids (VFAs) increment higher than 300%, compared to the control reactor
(without aeration). Our findings revealed that the implementations of microaeration and GAC in the
two-phase AD system could enhance methane production by reducing hydrolysis time, increasing
solid waste solubilization.

Keywords: Organic fraction of municipal solid waste; anaerobic digestion; micro-aeration; granular
activated carbon; coupled reactors

1. Introduction

By 2012, municipal solid waste (MSW) was generated worldwide around 1300 million tons per
day, and it tends to grow in 2025 up to 2200 million tons per day [1]. In 2015, Mexico alone produced
up to 53.1 million tons of MSW per day, which is 61.2% increased compared to the amount generated
in 2003 [2]. There are many factors causing this increment such as urban and industrial growth,
technological development, and change in consumer patterns of the population [2]. Inadequate disposition
of MSW promotes decomposition of the organic matter, producing unpleasant odors, and harmful fauna.
Moreover, the leachates infiltrate pollutants into the soil and groundwater, which represents a spreading
potential of the contamination problem. Thus, it is necessary to look for alternatives for mitigation and
final disposal to avoid environmental contamination and repercussions in ecosystems and public health.
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Anaerobic digestion (AD) would be a remarkable way to recycle MSW to a constituent of natural
gas, likes methane. AD process is conducted in a closed system, for instance, a packed bed reactor
(PBR) coupled with an up-flow anaerobic sludge blanket (UASB). This PBR-UASB is a technically and
economically feasible apparatus, offering a significant reduction of degradable organic matters in the
garbage and reasonably high methane yield. Likewise, the leachate from UASB provides the moisture, seed,
and nutrients required for the rapid conversion of solid wastes and the removal of inhibitors in PBR [3].

AD process consists of four phases: hydrolysis, acidogenesis, acetogenesis, and methanogenesis.
The hydrolysis phase is considered a limitation when substrates with high concentrations of solids are
used [4]. The AD has been divided into two phases (hydrolytic and methanogenic) with the intention of
giving specific conditions to hydrolytic, acetogenic, and methanogenic bacteria, avoiding accumulation
of volatile fatty acids (VFAs), as well the variations due to high organic loads and pH control [5].

Nguyen and Khanal [6] supplied air at a rate of 3.2 to 30 L-air/kg-Total solids (TS)-d during
15 seconds per minute [6], and found the increased production of volatile fatty acids (VFAs).
Many studies applied microaeration in organic fraction municipal solid waste [5,7], resulting in
the increased methane yields up to 27% and the increased solubilities of carbohydrates and proteins
(38–64%) [7]. Application of intermittent microaeration in sewage and sludge treatments could
accelerate the rates of anaerobic hydrolysis [8]. In other studies, applying microaeration in AD
processes with the control of oxide-reduction potential (ORP) offered the optimal conditions (−100 to
−200 mV with an airflow of 274 L-air/kg-TS-d) for carrying out hydrolysis, supporting by the improved
production of VFAs up to 0.79 g chemical oxygen demand (COD)/g volatile solid (VS) [7,9,10].

Another strategy to enhance the efficiency in AD process for MSW is the use of granular activated
carbon (GAC) in the methanogenesis phase, in which GAC could improve electron transfer between
microbial species that are the key players in this phase [10]. This finding has shown that direct
interspecies electron transfer (DIET) within the syntrophic microbial community could accelerate
the bioconversion of several reduced organic matters to methane. DIET is considered an alternative
pathway of interspecies hydrogen transfer that can be inhibited by thermodynamic problems and
subsequently causes the accumulation of propionate [11,12].

Hitherto, the dual application using both microaeration and GAC to optimize the AD process of
MSW for methane production is still unknown. With this reason, we aim to investigate the impacts of
microaeration and GAC on the two-phase AD system conducted with PBR-UASB. The microaeration
was applied in the hydrolysis phase held in PBR, and GAC was added into UASB to improve the
methanogenesis. The solubility of organic matters and the methane yield were measured as the criteria
to unveil the effects of either microaeration or GAC.

2. Materials and Methods

2.1. OFMSW and Inoculum

Organic fraction of municipal solid waste was selected and collected in the municipal market
of Motul, Yucatan, Mexico. The following composition was used: potato 12%, carrot 5.6%, pea 2.6%,
apple 9.8%, banana 7%, cabbage 10.2%, onion 6%, cauliflower 2%, orange 9.8%, tomato 4%, meat
4.4%, cooked pasta%, cooked rice 4.6% tortilla 7%, and 3.3% paper. This OFMSW (Organic Fraction
Municipal Solid Waste) was stored at 4 ◦C until use [13]. The inoculum consisted of a native mixed
microbial consortium, containing 30 g/L of deep soil, 300 g/L of cattle manure, 150 g/L of pig manure,
1.5 g/L of commercial Na2CO3, and 1 L of tap water was used according to Poggi-Varaldo et al. [14].

2.2. Reactors

The experiment was performed in batch mode, with a coupled system of two reactors as shown in
Figure 1 (PBR and UASB) in the mesophilic range (38 ◦C).
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Figure 1. 

 

 

Figure 1. Layout of experiments for the coupling of reactors; (a) packed bed reactor with micro-aereation,
(b) upflow anaerobic sludge blanket, (c) Coupling Packed Bed Reactor with micro-aereation and upflow
anaerobic sludge blanket with direct interspecies electrons transfer.

Figure 1 Layout of experiments for the coupling of reactors; (a) packed bed reactor with
micro-aereation, (b) upflow anaerobic sludge blanket, (c) coupling packed bed reactor with
micro-aereation, and upflow anaerobic sludge blanket with direct interspecies electrons transfer.

2.2.1. PBR

The PBR was made of acrylic with a 14.5 cm inner diameter, and 26.4 cm height, having a useful
volume of 1.5 L. As biofilm support, PVC rings 1 cm long and 1.22 cm in diameter were used to improve
the leachate’s flow [5]. For the collection of the leachate, an acrylic perforated plate was placed 5 cm
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from the bottom of the reactor and covered with a metal mesh. OFMSW was placed in layers with
PVC rings. A total of 0.5 kg OFMSW with a total solids (TS) content of 20.67 ± 1.9% with volatile solids
(VS) content of 98.7 ± 0.06% was used as substrate. In addition, 4.6% TS and 58.2% VS/TS as inoculum
and 1 L of tap water were added. The leachate was recirculated from the collected bottom to the upper
part, with a flow of 70 mL/min, using a Milton Roy diaphragm pump. The experiment was maintained
until the VFAs reached maximum concentration and were consumed at values close to 100 mg/L.

Micro-aeration (PBRMICRO-AERATION) was applied using a total flow of 254 L-air/kg-TS-d, the air
was supplied for periods of 15 minutes every 2 hours per day according with to the work carried out
by Xu et al. [5,9]. The experiment was maintained until the VFAs reached maximum concentration and
were consumed at values close to 500 mg/L.

2.2.2. UASB

A UASB reactor was built of PVC with a 10.2 cm inner diameter pipeline and 120 cm length having
a useful volume of 9 L. To start up the UASB, a mixture of synthetic wastewater and inoculum in a
ratio of 1:1 was used. The composition of the synthetic wastewater was 4 g/L sucrose, 1 g/L ammonium
chloride, 0.2 g/L potassium phosphate, and 1 g/L sodium bicarbonate, as mentioned by Poggi-Varaldo
et al. [14]. The reactor operated with an ascending flow velocity of 0.5 m/h according to Latif et al. [15],
a pH range of 6.8–7.4, at mesophilic temperatures (38 ± 1 ◦C), which was maintained with a bath
temperature circulator Wisecircu. For UASB acclimatization, the organic loading rate started with
0.5 kg COD/m3 d; this was increased until the reactor collapsed. In this way, the organic loading rate
was determined when the following control tasks were established in the UASB: COD removal up to
50%, VFAs 1.5 g/L, methane content in the biogas ≥ 50%, a range of 0.7–0.9 in the alpha index and
0.2–0.4 for the buffer index [16]. The following parameters: COD, alkalinity, VFAs, NT, pH, biogas
volume, and methane percentage were monitored every day. Likewise, once the reactor was collapsed
due to the accumulation of VFAs; organic load rate was reduced and UASB function was restored.
Later granular carbon content was added in 2 bags of metal mesh, one at 45 cm and the other 80 cm
from the bottom, each with 180 gr of granular activated carbon at different heights inside the reactor,
to improve electron inter-species transfer according to Dang et al. [17]

2.2.3. Coupling of the PBRMICRO-AERATION and UASB Reactors

Three coupling experiments were carried out with the same control parameters, once the systems
reach acclimatization, as shown in Figure 1c. The time in which the micro-aerated packed bed reactor
(PBRMICRO-AERATION) reached maximum COD was used as a reference coupling with the UASB reactor.
In each feed to the UASB, the volume of the hydrolytic effluent was calculated in order to maintain an
organic loading rate of 2 kg COD/m3 d. The UASB reactor was considered stable when it reached this
organic loading rate, the ratio between bicarbonated alkalinity and total alkalinity (alpha index) was
maintained in a range of 0.7–1; the ratio between alkalinity due to VFAs and total alkalinity (buffer
index) between 0.2–0.4 [18], and the methane content in the higher biogas at 50%. Similarly, a variation
lower than 10% for these criteria was established during five consecutive days [19]. The experiments
were carried out until the leachate of both reactors had the same COD concentrations according to the
report by Cirne et al. [20], they indicated the experiment had finished.

2.3. Analytical Methods

The produced volume of gas was measured by displacement of water [21,22], the percentage of
methane (CH4) and carbon dioxide (CO2) in biogas were measured using a gas chromatograph (Clarus
500-Perkin Elmer) equipped with thermal conductivity detector (TCD) and Elite-Molesieve packed
column (30 m long, 0.53 mm internal diameter, and 0.25 µm film thickness). Ultra high purity Nitrogen
was used as carrier gas; the temperature program was 35, 50, and 200 ◦C for the injector, the furnace,
and detector, in an isothermal run.
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The pH was determined with a pH electrode Hach-HQ29, Oxidation-Reduction Potential (ORP)
was determined by a redox potential sensor (Extech RE300, Nashua NH USA). Chemical oxygen
demand (COD, HACH-Method 8000), total nitrogen (TN) (Total Kjeldahl Nitrogen TKN HACH-Method
10072), total phosphorus (PO4

3−, HACH-Method 8119), total sulfate (SO4
2− HACH-Method 8051),

and total organic carbon (TOC, HACH-Method 10129) were determined in a colorimeter (Hach
DR1900). Total alkalinity and VFAs were measured by titration with 0.1 N sulfuric acid according to
Purser et al. [23] and protein content was determined by multiplying the TKN by a factor of 6.25 [5].
Humidity percentage, total solids (TS), and volatile solids (VS) in the substrate were determined
according to the manual of standard methods [24]. Total carbon (TC) and nitrogen (N) were analyzed
using a CHN elemental Thermo Scientific Flash 2000 CHNS/O Organic Elemental Analyzer; Thermo
Scientific Flash 2000 Software: EAGER Xperience.

2.4. Enzymatic Activity

Carboxymethyl cellulase (CMCase) activity was monitored as reported by Zhu et al. [25], wherein
one unit of enzyme activity was defined as the amount of enzyme that releases 1 µg of glucose
equivalent per min−1 [26]. This determination was made to evaluate the micro-aeration effect on the
enzymatic activity, to monitor the lignocellulosic biomass degradation [25] 0.5 mL of sample was used,
with 1.5 mL of CMCase at 0.5% w/v diluted in citrate buffer and incubated at 50 ◦C for 30 minutes.
After incubation 0.5 mL of sample was taken, 1.5 mL of 3.5-Dinitrosalicylic acid (DNS) was added,
and boiled for 5 minutes in a water bath, which was allowed to cool down to room temperature and
later read by a Jenway 6405 spectrophotometer at 550 nanometers. The evolution of the cellulase was
monitored throughout all experiments.

2.5. Statistical Analysis

Physicochemical parameters were performed in duplicated and their results were expressed as
mean ± standard deviation (SD) using the Statistica 9 software.

3. Results

3.1. OFMSW Characterization and Inoculum

Table 1 shows the characterization and OFMSW percentages of components. Moisture content
was 79.3 ± 0.7% and total solids 20.7 ± 0.7%, which 99.4 ± 0.0% corresponds to volatile solids from
total solids (VS 209.6 g per kg OFMSW), thus, indicating the biodegradable organic matter content
that can be transformed into biogas. Wang et al. [27] worked with food waste in anaerobic digestion
obtained values of 24% TS and 23% VS, which were similar to those obtained in this work [27]. As for
TS content in the OFMSW used in this work, more than 99% correspond to VS, therefore, it represents
the organic components that can theoretically be oxidized forming methane, carbon dioxide, and water;
thus, be used in biodegradation process.

Table 1. Physical-chemical characteristics of OFMSW.

Wang et al., 2014 Foster Carneiro et al., 2015 Dong et al., 2008 Present Study

Humidity % 76 81 81.6 79.3 ± 0.7
Ph 6.1 7.9 5.3 6.9 ± 0.5

TS % 24 19 18.4 20.7 ± 0.7
FS % 1 8 7 0.1± 0.004
VS % 23 11 11.4 20.5 ± 0.7

VS/TS% 96.2 58 61.9 99.4 ± 0.0
Total Phosphorus % − 0.83 0.2 3.7 ± 0.5

Protein % 11 26.89 14.35 12.3 ±. 3.1
TKN % 1.8 4.31 2.3 1.9 ± 0.5

TS; Total Solids, FS; Fixed Solids, VS; Volatile Solids, TKN; Total Kjeldahl Nitrogen.
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OFMSW pH had an average of 6.9 ± 0.5, this value is similar to that reported by Forster-Carneiro
et al. [28] (pH 7.5), but different from that reported by Garcia-Peña et al. [29] (pH 4.2). This variation
in pH may be due to the state of putrefaction or the state of maturity of the residues [29], as well
as the proportion of fruits and vegetables, since they are easily degradable residues, they can favor
the accumulation of VFAs and lower the pH, which leads to a deficient anaerobic digestion in the
methanogenic phase [3]. With respect to nutrients, the total amount of phosphorus in the OFMSW
was 37 ± 0.5 g/kg, it is higher than that reported by Campuzano and González-Martínez [30],
who performed an analysis at a global level found results of 13 g/kg phosphorus and Alibardi and
Cossu [4], who obtained 4.8 g/kg in OFMSW. Therefore, it is not necessary to add nutrient during the
process, because C/N ratio was 24.5± 5.5/1 within the optimal ratio (20/1–30/1) in anaerobic digestion [3].
With respect to the pH measured in the different preparations of the OFMSW, variations were found,
including the same preparation (pH 6.4), these variations were due to the time during which it was
stored. Although it was kept at low temperature, and the enzymatic activity was carried out at a lower
speed; that it caused a decrease in pH, which was observed from the obtained the measurements.
In addition, the stage in which the residues of fruits and vegetables are found at the time of collection,
either in an advanced state of maturity or lack of development, it influences the pH value, therefor the
acidic pH values correspond to the fermentation phase. Moreover, it is important to consider these
variables for control process. Regarding the physicochemical characteristics of the inoculum we found
4.62 ± 0.1% TS, 2.1 ± 0.1% VS, 1,652 mg/L alkalinity, and neutral pH, which indicates that it can supply
buffer capacity in the process.

3.2. PBR

Figure 2a shows the COD and the enzymatic activity of CMCase in PBR control reactor. The organic
matter solubilization started on the first day of the experiment, as shown in Figure 2a, the initial
COD value was 6375 mg/L. On day 4, this parameter was 10,800 mg/L and the highest value in the
leachate was 11,800 mg/L reached on day 7. However, after day 12, the COD concentration decreased
to 7000 mg/L, reaching 3500 mg/L on day 18, and maintaining this tendency to decrease until the
end of the experiment. In a period of 18 days the COD decreased 6800 mg/L, which is a shorter
time than reported by Dogan et al. [31], who reported a time of 40 days for COD reduction using
OFMSW as substrate. These results indicated that COD maximum rate of solubilization takes place in
the first 10 days, as mentioned by Jiang et al. [32], who with food waste obtained a maximum COD
concentration at 80 hours after the AD process had started. With respect to the CMCase enzymatic
activity, from day 1 to 5, the concentration recorded was 2 µg/mL min. On day 6, the concentration
increased to 3.18 µg/mL min on day 12, similar values were reported by Zhu, Li, Hao, He, and Shao [25],
using vegetable wastes.

Figure 2 Packed bed reactor control reactor or with micro-aereation (a) chemical oxygen demand
and enzymatic activity, (b) volatile fatty acids and pH, (c) oxide-reduction potential.

The enzymatic activity of CMCase has an important function in the degradation of the cellulose to
carbohydrates, therefore influencing the efficiency of the hydrolytic phase. Carrying out a comparative
analysis of the results obtained in the control and registered in the literature, the highest solubility of
the organic matter measured as COD was observed 7 days after the start the test and reached stability
on day 18. Therefore, the process had greater operational efficiency by reducing treatment time to
18 days and costs would decrease. However, the enzymatic activity behaved similarly to that recorded
by Zhu, Li, Hao, He, and Shao [25] with a slight increase on day 10 and decrease on day 17, therefore,
cellulose degradation was very low.

Figure 2b, shows VFAs and pH during the experiment. In this test, the initial concentration of
VFAs was 91 mg/L, increasing from day 1 to 6 until reaching a maximum value of 2850 mg/L with a pH
of 5.9 on day 6. Jiang et al. [32] mentioned that hydrolysis condition occurred in a range of 5 to 6 pH
units. From day 7 to 15, the concentration of VFAs decreased to 600 mg/L, on day 20 a value of 300 mg/L
with a pH of 7.7 caused by the decrease in VFAs, indicating that the reactor had changed to another
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phase. However, the work done by Angelidaki et al. [33], using OFMSW, indicated that the highest
concentration of VFAs was 3500 mg/L on day 28 by using DA in a single stage, which represented a
time greater than the one required in this work to reach the highest concentration of VFAs.

The efficiency of an anaerobic digestion process depends on pH control in all its phases, to allow
microorganisms to perform their metabolic activities, otherwise, it can cause problems in these
processes [34]. The pH has a direct relation with the VFAs. Throughout the first 5 days of the
experiment, a decrease in pH was observed in the hydrolytic reactor, caused by an increase in
VFAs, reaching pH value of 5.7. This transformation was previously described by Cysneiros et
al. [35], the decrease in pH is the result of the conversion of macromolecules from the substrate into
acidic metabolites such as acetic, butyric, pyruvic, and capric, among others [36], when these acids
transformed into acetate are consumed by methanogenic microorganisms. In this sense, an optimal
pH control was not applied in the PBR to establish the ideal conditions as mentioned above. As for
the pH results obtained in the test, no values below 5.5 were found, however, variations of 5.8 to
7 pH were found in the first 10 days. Therefore, the pH values and the concentration of recorded
VFAs determined that it was the time in which the hydrolysis was carried out. Although the VFAs
registered a maximum concentration of 2850 mg/L, which was lower than that of Angelidaki, Chen,
Cui, Kaparaju, and Ellegaard [33] who obtained a concentration of 3500 mg/L in 28 days and Dogan et
al. [31] who reported 3200 mg/L in 16 days, we considered that the test performed is more efficient
because the maximum concentration was reached at 6 days.

As shown in Figure 2c, the ORP initially had a value of −60 mV and gradually decreased to
−310 mV on day 5. Xu, Selvam, and W.C.Wong [5], performed ORP tests on different times (days),
described similar behavior and mentioned situations where the ORP gradually decreased to −120 mV.
Similarly, Zhu, Li, Hao, He, and Shao [25], performed tests in which they measured the behavior of the
ORP, describing variations in the first 5 days; these authors also mentioned that the value of the ORP
is function of pH. As shown in Figure 2c, the highest variation of the ORP occurred during the first
7 days. The ORP varies from −300 to −370 from day 6 to day 25. In a review of different investigations,
developed by Guang et al. [37], described the importance of the different ORP intervals and their
impact on gene expression, protein biosynthesis and control strategies for higher efficient production
of by-products of interest. Zhu, Li, Hao, He, and Shao [25], performed a recirculation of the leachate
from the methanogenic reactor every 5 days, indicated that the ORP values vary periodically thus,
its tendency and effect during the tests cannot be predicted.
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Figure 2. Packed bed reactor control reactor or with micro-aereation (a) chemical oxygen
demand and enzymatic activity, (b) volatile fatty acids and pH, (c) oxide-reduction potential.
*Carboxymethyl cellulose.

3.3. PBRMICRO-AERATION

As shown Figure 2a, the system started with a COD of 6000 mg/L. During the first 5 days,
it increased to a maximum value of 25,600 mg/L, which represents an increase of more than 100%
compared to the PBR control.

Afterwards, the COD decreased to 21,850 mg/L on day 10, from day 11 to day 22 decreased to
8550 mg/L, until reaching 5350 mg/L COD on day 25. This increase in COD was attributed to the
presence of supplied oxygen, which favored the development of facultative microorganisms resulting
in an increase in the secretion of external enzymes by bacteria under microaerobic conditions [25].
These secreted external enzymes increased the solubilization of the solid particles of the substrate
resulting in an increase in the rate of hydrolysis of organic matter, which was noticeably higher
compared to the control PBR reactor. The increase in COD was caused by the solubilization of the
solid particles from the substrate, resulting in an increase in the rate of hydrolysis of organic matter [5].
These results indicated that hydrolysis occurred through the first days (5 days), as was mentioned by
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Xu, Selvam, and W.C.Wong [5], who found values of 61.3 g/L of COD in the second and third days
using a micro-aeration rate of 258 L-air/kg-TS-day. However, in their tests they used 1 kg of substrate
with a TS content of 38%, VS of 97.1%, and 0.2 kg of wood chips, which represents a greater amount of
organic matter and lignocellulosic waste, therefore a higher COD concentration.

The hydrolytic efficiency in the reactor was correlated with changes in CMCase activity in the
OFMSW, which reflects the coordination mechanism of multiple enzymes produced by microorganisms
that degrade complex lignocellulosic matter. Thus, with micro-aeration the enzymatic activity increases,
as shown in Figure 2a, the exponential increase in CMCase enzyme activity was observed from day
3, reaching a maximum value of 17.5 µg/mL per min on day 10. However, a decrease was observed
on day 11, where the concentration decreased to 13 µg/mL min, and on day 20 declined to 2.7 µg/mL
min. During the micro-aeration, the increase in enzymatic activity indicated a higher concentration of
CMCase in the hydrolysis of cellulose contained in vegetable waste compared with the PBR control
reactor. The enzymatic activity lasted until day 15, further favoring the solubilization of the more
complex solid particles contained in the substrate, which manifested itself as an inability to realize
your metabolic needs under certain environmental conditions. Similar behavior was described by
Zhu, Li, Hao, He, and Shao [25], who observed an increase in the enzymatic activity of CMCase with
micro-aeration on day 5. This confirms that facultative microorganisms found favorable conditions to
secrete enzymes that degrade complex materials. Similar results were reported by Charles et al. [38],
they used micro-aeration as pretreatment, achieving an increase in the enzymatic activity of cellulase
during the first 5 days. These values indicated that the micro-aeration applied to the hydrolysis in
the PBR had a positive effect on the enzymatic activity of the cellulase, causing greater degradation
of the macromolecules and reflecting an increase in COD in the first 5 days. Therefore, this enzyme
is highly specific for depolymerize cellulose into glucose and other monosaccharides [39]. Lynd et
al. [40] described the mechanism of action of the enzyme cellulase and mention that to break the β-1,
4 glycoside bonds of cellulose, requires acid hydrolysis using a proton donor and a nucleophile or
one base. Likewise, Dollhofer et al. [41] describes that anaerobic microorganisms lack the enzymatic
capacity to catabolize lignin, for this reason, the presence of oxygen favors the reaction to break aromatic
rings of the cellulose, which does not occur in a completely oxygen free environment. This study
demonstrated that when comparing the results obtained in the PBRMICRO-AERATION, a greater enzymatic
activity is observed in comparison with the PBR control. In the PBRMICRO-AERATION, the conditions
were given for cellulose to have a higher degradation (acidic and medium), which was favored by
the addition of oxygen in the process. As can be seen in Figure 2a, there is greater activity on days
9–11, comparing this behavior with what by Zhang and Lynd [42] describe, they mention that cellulose
hydrolysis is carried out slowly and in a longer time. Therefore, we consider that the behavior of the
CMCase in PBRMICRO-AERATION was likely due to the mechanism by which the reactions are carried out.
At the beginning of the test, the endogluconase star being into contact with lignocellulosic materials
to initially break the cellulose chains, releasing oligosaccharides. Subsequently, the exo-gluconase
enzyme attacks the ends of the chains releasing cellobiose and finally the enzyme β-glucosidase reacts
with the cellobiose to form glucose. Due to the link structure of the lignocellulosic biomass, these
transformations are carried out in an enhanced manner, therefore, the hydrolysis phase time increases,
making it more efficient.

Figure 2b shows the VFAs concentration and pH values during the experiment. The initial VFAs
concentration on day zero was 516 mg/L, subsequently on days 2 and 3 an increase was recorded
continuously until day 5, wherein the maximum VFAs value of 8800 mg/L was recorded. This increase
was due to the transformation of macromolecules to reducing sugars and these to VFAs, which
caused the pH decrease to 5.4 [29]. The VFAs concentration applying micro-aeration was higher
compared to other studies. Agdag and Sponza [43] obtained a VFAs production of 6000 mg/L by
using OFMS as substrate, similarly, Sarkar and Mohan [36] obtained maximum values of VFAs of
5087 mg/L by applying micro-aeration at the OFMSW. In this work, the VFAs production was greater
than the PBR control reactor by 300%, which is evidence that micro-aeration favored hydrolysis and
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the production of organic acids during the first 5 days and on day 10, the concentration decreased to
7100 mg/L. After this time, on day 25 the VFAs decreased reaching similar value to the initial one of
1500 mg/L. The micro-aeration was applied for 25 days in the reactor. On the other hand, although the
energy consumption is low, it could be further optimized using the micro-aeration for a shorter time.
The maximum concentration of VFAs was found during the first 5 days and the enzymatic activity
lasted until 10 days after the start of the test in the micro-aerated reactors. Therefore, the micro-aeration
can be improved, reducing the operating time in the hydrolytic reactor, using micro-aeration only in
the first 15 days, and in turn, saving energy [5].

As shown in Figure 2b, the pH had an inverse relationship with VFAs. At the beginning, the pH
value was 6.11, on days 2 and 3 values of 5.61 and 5.4 were recorded. This decrease in pH is caused
by conversion of macromolecules into VFAs, which when transformed into acetate and consumed
by the methanogens, it leads to an increase in pH. During the biodegradation of the waste, the pH
showed variations, on day 10 the pH was 5.88, which showed that PBRMICRO-AERATION was still in the
hydrolysis stage. On day 12, there was slight increase reaching a pH value 6, maintaining this trend
until reaching 6.5 on day 18, and on day 25, the pH increased to 7.06. Xu et al. [44], who reported similar
behavior with food waste, found a pH decrease of up to 4 on day 5 and 6 caused by the accumulation
of VFAs when the experiment began and then an increase to 6 on day 8. Likewise Cysneiros, J.Banks,
Heaven, and G.Karatzas [35], who studied the hydraulic flow effect and pH control on the VFAs
production and described pH drops up to 4, therefore, it was necessary to add a buffer solution.
In this case, we had pH conditions inside the reactor for hydrolysis to take place, therefore, no reagent
was added.

The ORP values are observed in Figure 2c. At the beginning of the experiment, on day 0, the ORP
had a value of −25 mV, but on the first day, the ORP decreased to −185 mV, and from day 2 to day 9,
the ORP varies from −167 to −215 mV, and finally decreased to −352 mV on day 20. At the beginning
the ORP decreases; this was attributed to the production of metabolite such as hydrogen, lactate, VFAs
among others, as mentioned by Nguyen and Khanal [6] and Liu et al. [45], who mentioned that during
the hydrophilic phase, reduced compounds are generated promoting the decrease in ORP to negative
values of up to −420 mV. On the other hand, the addition of oxygen due to micro-aeration in the AD
system modified ORP values (reduction in reducing power) due to oxygen consumption by reducing
metabolites, as mentioned by Xu, Selvam, and W.C.Wong [5].

In addition, changes in redox potential caused changes in the nutrition and physiology of
microorganisms, which in turn influences the redox state of essential nutrients such as phosphorus
and nitrogen facilitating their absorption by microorganisms. In this test, the addition of air results in
an increase of ORP (decrease in reducing power) due to oxygen consumption by reducing metabolites,
in addition, the micro-aeration rate of 254 L-air/kg-TS-day maintained a range of −150 to −215 mV
inside the PBRMICRO-AERATION, this range is considered suitable for hydrolytic microorganisms [9].
At this ORP range, microorganisms such as firmicutes, proteobacteria, and bacteriodes were developed,
finding the conditions to perform their metabolic activities, thus we assume that they found the
conditions in the environment required for their development. Therefore, the production of VFAs
was improved, which was verified with the PBR control by obtaining a higher yield in the first 5 days
without the addition of chemical reagent to regulate the pH or that inhibits methanogenic activity.
The range of −150 to −215 mV is considered within a microaerobic zone [6], where degradation of the
substrate is promoted and transformed into by-products such as volatile fatty acids, among others.

3.4. UASB (Acclimatization)

UASB reactor acclimatization was done by adding a mixture of 50% inoculum and 50% synthetic
wastewater in volume (ratio 1:1), see Figure 3. VFAs, total alkalinity (data not shown), and pH
measurements were carried out to verify the behavior of the alpha and buffer indexes, as described by
Martín-González, Font, and Vicent [18], these authors mentioned the importance of alkalinity when
the VFAs overcome bicarbonated, the system undergoes pH drops, therefore methane production
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decreases. On the other hand, Jun et al. [46] mentioned that alkalinity is necessary to maintain a pH
range of 6.8–7.2 at OFMSW, which is the range where the biological activity of methanogenic bacteria
is carried out and the lack of bicarbonate alkalinity allows VFAs accumulation, as well as a decrease in
methane production.

Figure 3. Upflow anaerobic sludge blanket acclimatization: (a) organic loading rate and chemical
oxygen demand removal, (b) alpha and buffer indices, (c) volatile fatty acids and pH.

The acclimatization phase allowed to establish the organic loading rate in the reactor, which
was gradually increased from 0.5, 1, 1.5, 2, 3, 4, and 6 as kg COD/m3 d until the reactor collapsed.
Ahring [47], mentioned that substrates with moderate concentrations of TS (12%), require using
organic load rates of less than 5 kg COD/m3d in order to avoid imbalances in the process. In our
study, the TS concentration in the OFMSW was 20.7 ± 0.7%, therefore, was necessary to determine
the operational load of the UASB considering the characteristics of the substrate. The COD removal
results are shown in Figure 3a. In the beginning, a 0.5 kg COD/m3d load was established with rising
removal up to 60%, later, it was increased to 1.5 kg COD/m3d, remained for 20 days with a removal of
70% to 80%. Therefore, loading organic rate continued to increase in the UASB reactor until it reached
6 kg COD/m3d, where remained for 25 days more, with variable removals until finally collapsing on
day 125.

From day 1 to day 80 of the start of the test, the alpha index showed variations in a range of 0.8 to
0.97, and buffer index of 0.05 to 0.2. During this time, the UASB presented an imbalance, the alpha
index decreased to 0.3, the buffer index increased to 0.7 (Figure 3b), and the methane in the biogas
registered a decrease of up to 30%. In order to stabilize the process, on day 125 the organic load was
reduced to 4.5 kg COD/m3d during 40 days, subsequently it was reduced to 3 kg COD/m3d for a period
of 40 days without the reactor reaching stability. Gao et al. [48], who used OFMSW as a substrate,
evaluated the effect of the increased organic load, described that greater than 2.5 gVS/Ld (equivalent to
COD 3 g/Ld) causes VFA accumulation and generates an imbalance between the acidogenesis and
methanogenesis phases in microbial community. From day 1 to 80, the amount of VFAs was maintained
at 200 mg/L (Figure 3c); the COD removal was greater than 50% and the methane in the biogas was
70%. On day 104, the organic load was increased to 6 kg COD/m3d and maintained until day 124.
During the 20 days when the organic load was maintained at 6 kg COD/m3d, the reactor presented
instability, showed a decrease in pH and accumulation of VFAs. Therefore, inhibition of methanogenic
microorganisms caused an increase in VFAs concentration to 13,000 mg/L (Figure 3c).
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Figure 3. Upflow anaerobic sludge blanket acclimatization: (a) organic loading rate and chemical
oxygen demand removal, (b) alpha and buffer indices, (c) volatile fatty acids and pH.

To correct the accumulation of VFAs, decrease in pH and decrease in the percentage of methane in
biogas, on day 200 the organic loading rate was reduced to 2 kg COD/m3d. Two stainless steel mesh
bags with granular activated carbon were placed inside the reactor [49]. Dang et al. [17], who studied
the DIET using different types of carbon in OFMSW to improve the methanogenic phase, in their
studies have revealed the enrichment of microorganisms such as Sporanaerobacter and Methanosarcin
present on the carbon surface. These results and the known ability of Sporanaerobacter species to
transfer electrons suggest that they can participate in direct electronic transfer between species with
methanesarcin, when an inorganic conductor is used as an electron transfer mediator. Therefore, the use
of GAC inside the UASB reactor favors recovery and stability in a shorter time when existing VFA
accumulates. In addition, the use of DIET between species increased the amount of methane in the
biogas and decreased the VFAs concentration.

After making these modifications, the total alkalinity was determined, and it was observed that
the alpha and buffer indexes returned to the values within the operating range (alpha 0.7–0.9 and buffer
0.2–0.4). After the coal addition in the reactor, the stabilization time required was 13 days, from day 200,
the UASB reactor reached balance with 2 kg COD/m3 d organic loading rate, and reaching a removal up
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to 70% removal, an ascending flow velocity of 0.5 m/h, taking as reference Latif et al. [15]. In addition,
the biomass was prevented from reaching the top of the reactor and is favorable for the development
of mesophilic granules. The alpha index had an average of 0.9, buffer index 0.2, COD removal more
than 50%, and VFA less than 2000 mg/L, therefore, we considered that the microorganisms adapted to
medium characteristics, thus achieving the start and stabilization of the UASB again.

During the time in which the reactor presented acid-base imbalance due to the increase in the
organic loading rate, washing of the biomass was observed in bulky granules. This condition negatively
affected the retention of sludge inside the reactor. Several authors, Ahring [47], indicated that for
substrates with high TS concentrations (greater than 12%), and Parawira et al. [50], the maximum
organic load that a UASB reactor supported was 6 kg COD/m3d. In order to make methanogenic
activity more efficient, DIET was used in the UASB, therefore, we consider that mutual interaction
(syntrophic) between hydrolytic bacteria and methanogenic archaea was favored, and the conversion
of reduced organic compounds from short chain to methane was accelerated. The addition of a
no-biological conductive material such as GAC favored electron transfer. The GAC apart from serving
as a support for the microorganisms had the capacity to absorb toxic compounds and increase the pH;
therefore, it favored the conditions of the medium and increased methanogenic activity [12].

3.5. Coupling Reactors (PBRMICRO-AERATION and UASBDIET)

Coupling reactors operations were determined by maximum COD concentration, and an amount
of VFAs t in the micro-aerated packed bed reactor (PBRMICRO-AERATION). The coupling experiment
ended at 14 days when both reactors obtained similar results for COD, VFAs, and pH, as mentioned by
Cirne et al. [20], in which they used energy crops as raw material in a two-phase system; they described
that the coupling time of both reactors ends when their leachates register similar values.

Figure 4 illustrates the profiles of the parameters determined to evaluate the behavior of the
system. In Figure 4a, COD behavior is observed in the PBRMICRO-AERATION; on day 5 its maximum
concentration of 24,750 mg/L was found, therefore, we decided to couple the reactors at that time,
due to the evidence recorded in previous tests, where the maximum concentration of COD was
found at this time. To determine the amount of leachate from the PBRMICRO-AERATION to feed the
UASB per day, the useful volume of the methanogenic reactor and the organic load per day were
considered as the total mass to be added. This mass was divided by the COD concentration of the
PBRMICRO-AERATION leachate expressed in g/L, resulting in the amount to be dosed in liters per day.
In order to maintain a constant organic load rate (2 kg COD/m3d) in the UASB and due to COD
variations in the PBRMICRO-AERATION, each feeding requires its own calculation. The record of the
maximum COD concentration on day 5 was observed in other works, as reported by Xu et al. [5], with
OFMSW, where they described that the highest organic matter solubilization occurred in the first 5 days
in a PBRMICRO-AERATION. In the same way, Stabnikova et al. [51] using OFMSW also obtained COD
concentrations close to 18,000 mg/L over a period of time of 6 days. However, these authors mentioned
the use of greater amounts of substrate, in order to avoid acid stress and increase the solubility of
organic matter; moreover, they described the addition of basic chemicals to the acidogenic reactor
and the replacement of a proportion of hydrolytic leachates with methanogenic effluents. In our test,
no means were used to regulate the pH, the experiments were carried out according to the surrounding
conditions and in 5 days the highest COD concentrations were recorded in the PBRMICRO-AERATION.
In consequence, the solubilization of the OFMSW is more efficient. Subsequently, on day 13 there was
a COD decrease of up to 5500 mg/L, where it remained unchanged until the end of the experiment.
This decrease was due to consumption of VFAs by methanogenic microorganisms for the generation of
biogas in UASB reactor.
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Figure 4. Coupling reactors with 2 kg COD/m3d of organic load rate: packed bed reactor with
micro-aereation and upflow anaerobic sludge blanket with direct interspecies electrons transfer.
(a) chemical oxygen demand, (b) partial alkalinity, (c) pH, (d) volatile fatty acids and (e) mL of methane
and percentage of methane.

In Figure 4b, the behavior of bicarbonate alkalinity before and after the coupling reactors is
illustrated. In the PBRMICRO-AERATION reactor, it shows an initial concentration of 716 mgCaCO3/L,
later in the following days, a decrease was shown until a zero, caused by the VFAs formation in
the first 5 days, since bicarbonate alkalinity consumption caused a decrease in pH before coupling.
These results were similar to those reported by Martín-González, Font, and Vicent [18], in OFMSW,
who conducted an analysis of the imbalance that occurs in the reactors due to the VFAs accumulation
and mention that this process occurs when bicarbonate alkalinity is consumed by the acidity generated
within the system and produced a decrease in pH. In the same way, Li et al. [52] carried out an analysis
with different control parameters to monitor failures in an AD process in OFMSW. They mention the
importance of total alkalinity control, the bicarbonate alkalinity, and total alkalinity (AP/AT) ratio,
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which is an early warning parameter on the equilibrium of the buffer capacity of the system, and even
reflects the metabolism of the AD system [18].

After coupling reactors, the PBRMICRO-AERATION recorded an increase in the bicarbonate alkalinity
concentration until reaching a maximum average value of 15,475 mg CaCO3/L. On day 13, and reaching
16,600 mg CaCO3/L on day 14, with a concentration similar of the UASB reactor at that time.
This alkalinity increases within PBRMICRO-AERATION due to the exchange of leachate between both
reactors as mentioned by España-Gamboa et al. [22], who described that the recirculation effluent from
a methanogenic reactor in a two-phase process increases the alkalinity in the acidogenic reactor.

Figure 4c shows the pH behavior over time within PBRMICRO-AERATION–UASBDIET reactors, at the
beginning of the experiment, the hydrogen potential decreased in the first 4 days to 5.03. This value
was within the range in which hydrolysis is properly performed, similar results were obtained by
Wang et al. [27] in their work carried out with OFMSW using different inoculum types. They evaluated
the pH effect and the production of VFAs, their results indicated that the range of the highest acidity
concentrations was reached at pH of 5 to 6, in a time of 20 days. In the same way, Jiang et al. [32],
evaluated the pH effect on OFMSW, they described that the higher VFAs productions was reached at
pH 6. After coupling reactors, the pH increase was gradually rising to 8.12 on 12 days; this increase
was due to the leachate recirculation from PBRMICRO-AERATION to UASB reactor, and from the UASB
to the hydrolytic reactor, because effluent from UASB reactor contained high bicarbonate alkalinity,
with an average of 18,000 mg CaCO3/L. Therefore, a high buffer capacity caused an increase in pH
due to the neutralization by VFAs, as mentioned by Xu, Selvam, and W.C.Wong [5], who worked with
kitchen waste and which they mentioned that the bicarbonate alkalinity is consumed by the acidity.
Therefore, when you have the alkalinity concentration required to neutralize the VFAs, it acts as a
buffer solution, therefore, the system does not show imbalance and the concentration did not increase.

Effluent from UASB reactor remained pH constant, with a maximum value of 8.2, which reflects the
buffer capacity despite the concentration of VFAs in the leachate from PBRMICRO-AERATE. After 11 days
similar pH values (8.05) were reached in both reactors, and in the next 2 days, the variations decreased.
Figure 4d shows the behavior of VFAs over time. At the beginning of the experiment, VFAs concentration
was 85.13 mg/L, and on day 5, the PBRMICRO-AERATION reached a maximum concentration of 7146 mg/L
indicating that it was the optimal time to couple both reactors. After coupling of both reactors,
a reduction in the VFAs concentration was observed, mainly in the PBRMICRO-AERATION, see Figure 4d;
and reached minimum values of 350 mg/L on day 14, which is a lower time than that described by
Michele et al. [53]. In their work with OFMSW, they required more than 20 days to consume the
VFAs and stabilize the waste. As observed in Figure 4d, the high VFAs concentration coming from
the PBRMICRO-AERATION reactor did not cause any troubles to UASB reactor and maintained similar
concentrations from day 1 to 14. This stability presented by UASB reactor was due to acclimatization
during the start-up and in which the microorganisms were adapted to the process conditions.

In Figure 4e the methane production profile of the UASB is shown before and after coupling.
The generation was 4520 mL/d on average, with a percentage of methane in the biogas of 90% and
a constant organic loading rate of 2 kg of COD/m3d. This same load rate was maintained during
the time of the experiment. After the coupling of PBRMICRO-AERATION-UASB reactors, methane
generation decreased continuously from day 5 until day 13, with a minimum volume of 800 mL per day.
Despite the concentration of 5500 mg/L of COD recorded in the PBRMICRO-AERATION, this result is due
to residues of recalcitrant materials such as; seed particles, fruit or vegetable husks, and lignocellulosic
materials found in the OFMSW, which were not readily biodegradable, therefore, did not favor
methane production. In a review by Li et al. [54], where different treatments and substrates were used,
they mentioned that wastes with high solid concentrations require pre-treatment to increase their
biodegradation and transformation into methane. In the same way, Shahriari et al. [55], who worked
with FORSU, used different percentages of leachate recirculation in BMP tests. They describe how the
high COD concentration in the leachate is due to the accumulation of recalcitrant or less biodegradable
material, therefore, influences the production of methane, however, they only described accumulation
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of biogas production up to 550 mL in 14 days. Due to the similarity in the concentrations of the VFAs,
COD, bicarbonate alkalinity, and pH in both reactors on day 14, they were disconnected. After the
biodegradation process, the hydrolytic reactors were emptied and the amount of TS and VS were
determined, reporting the removal results of TS and VS 67.5 ± 4 and 69.4 ± 3. Forster-Carneiro, Pérez,
and Romero [28], who used OFMSW substrate, reported a reduction of TS of 34.7% and VS of 44.2% in
a time of 60 days, in the same way, Fantozzi and Buratti [56], who also worked with OFMSW, registered
a VS reduction of 55% in a time of 39 days. Therefore, we consider that in our study the removal
efficiency was more efficient.

The methane yield after coupling was 400.2 LCH4/kgVS removed, and with a biogas methane
content of up to 90%. Forster-Carneiro, Pérez, and Romero [28], who conducted ss in one phase tests
using OFMSW as substrate, recorded yields of 0.18 LCH4/gVS, Similarly Angelidaki et al. [33],
those who worked with OFMSW in a phase of an AD process reported a methane yield of
320 LCH4/kgVS. In another work using OFMSW in a single phase conducted by Nguyen et al. [57],
they reported a methane yield of 260 LCH4/kg VS. According to these comparisons, the methane yield
of 400.2 LCH4/kgVS removed that was obtained in 2 phases was higher compared to a single phase
and the OFMSW degradation through the AD system in two phases is more efficient than that of
one phase. Finally, as shown in Figure 4, the behavior of pH, acid-base balance, the concentration of
VFAs in values below 1500 mg/L and the percentage of methane in the biogas in a range of 80 to 90%.
The application of DIET in the methanogenic phase helped to reestablish the UASB after intoxication,
in this sense, during the coupling in the PBRMICRO-AERATION balance was reached, without affecting
the consumption of the VFAs present in the hydrolytic reactor.

4. Conclusions

The application of micro-aeration and GAC in a two-phase anaerobic digestion process
PBRMICRO-AERATION and UASB can be an alternative to be used in the biodegradation of substrates
with high concentrations of solids, such as OFMSW. In addition, solubilization of organic matter is
favored and it reduces the stabilization time of the UASB reactors when methanogenic microorganisms
suffer from VFAs accumulation poisoning. The micro-aeration (254 L-air/kg-TS-day) increased the
hydrolysis rate, which was favored by the development of facultative microorganisms, reflecting in the
increase of the enzymatic activity since the concentration of CMCase was 3 times higher compared to
the control reactor. Therefore, in the PBRMICRO-AERATION, the COD concentration was 200% higher
compared to the control and the formation of VFAs was greater than 250% due to solubilization of
the organic matter in the leachate, which caused a reduction in the time of coupling with the UASB.
The application of GAC (DIET process) to the methanogenic phase favored the activity of methanogenic
microorganisms by increasing the production of biogas by 10% with a methane content of up to 90%,
in addition, the methane yield was 400.2 ± 57 LCH4/ kgVS, which is higher compared to the reported
literature and with a TS reduction of 67.5 ± 4%, thus, the stabilization time of the OFMSW was around
12 days.
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Abbreviations

OFMSW Organic Fraction Municipal Solid Waste
AD Anaerobic digestion
GAC Granular activated carbon
DIET Direct interspecies electrons transfer
PBR Packed Bed Reactor
UASB Upflow anaerobic Sludge Blanket
COD Chemical Oxygen Demand
VS Volatile Solids
TS Total Solids
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