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Abstract: Cheese whey wastewater (CWW) is the major by-product of the dairy industry. CWW is
produced in large quantities, has varied characteristics and is usually disposed of. The disposal
of CWW causes a negative impact on the environment of different agroindustrial areas due to
the physic-chemical composition that significantly increases its high organic load and nutrients.
For this reason, the aim of this work was to carry out an evaluation of the anaerobic treatability of an
Expanded Granular Sludge Bed (EGSB) bioreactor as a new sustainable alternative for treatment of
these effluents with bioenergy production. In this study, the bioreactor was operated under stable
conditions (i.e., buffer index of 0.23 ± 0.1, pH 7.22 ± 0.4 and temperature 26.6 ± 1.4 ◦C) for 201 days.
During evaluation the hydraulic retention time (HRT) was 6 and 8 days, and it was buffered with
NaHCO3. At these conditions, the COD removal rate and biochemical methane potential (BMP) were
90, 92%; and 334, 328 mLCH4/gCOD, respectively. The evidence found in this study highlighted
that the CWW is a viable substrate to be treated in the EGSB bioreactor as long as it keeps buffered.
Furthermore, the process to treat the CWW in an EGSB bioreactor can be a sustainable alternative
to simultaneously solve the environmental pollution that this agro-industry confronts and produce
renewable and environmentally-friendly bioenergy.

Keywords: cheese whey wastewater treatment; anaerobic EGSB bioreactor; COD removal; AGS
acclimatization; biomethane; BMP

Processes 2020, 8, 931; doi:10.3390/pr8080931 www.mdpi.com/journal/processes



Processes 2020, 8, 931 2 of 16

1. Introduction

Cheese is one of the main agricultural products in the world, and more than 18 million tons are
produced annually, according to the Food and Agriculture Organization of the United Nations (FAO).
The production of this food is higher compared to the production of coffee beans, tea leaves, cocoa
beans and tobacco together. Europe and Northern America account for more than 75% of the world’s
cheese production.

In Mexico, the dairy agro-industry (cheese factories and dairy farms) was the most dynamic
within the agri-food sector. It participated with 10% of the total value of the sector and contributed
0.6% to the Gross Domestic Product (GDP). This placed it within the most important agro-industries in
the country and a contributor to a considerable share of the Mexico’s economy [1,2].

This agro-industry offers the market very diverse products; nevertheless, the most popular for
many years has been cheese [3]. There are many varieties of cheese produced around the world,
and they are all made with different recipes, techniques, and manufacturing processes [4,5]. However,
all the different cheeses have the same basic manufacturing process (Figure 1).
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Figure 1. General diagram of the cheese manufacturing process.

This manufacturing process begins with the reception of milk at the cheese factory. Subsequently,
conditioning (thermization, skimming and homogenization) is carried out [5–8], followed by
coagulation achieved by adding rennet or acids for the formation of the curd [9]. Once the curd has the
perfect texture, cheese whey is drained. In this stage the largest amount of cheese whey wastewater
(CWW) is produced (up to 9 L for each kilogram of cheese generated). Then pressing is carried out for
a greater and better extraction of the whey (additional CWW is generated). Once the pressing time has
ended [10], the cheese is salted and is put to maturing [5,10].

Due to high CWW production, currently, this agro-industry faces a real problem with its effluents.
It generates millions of tons of CWW characterized by high biochemical oxygen demand (BOD5),
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chemical oxygen demand (COD) up to 100 g COD/L concentrations representing their high organic
content. Also, it has a high biodegradability index (~98%) [11,12], low alkalinity (2500 mg/L as CaCO3)
content [13], carbohydrates (4–5%), lactose (4.5–5%), proteins (0.6–1%), lipids (0.4–0.5%), and lactic
acid less than 1% [14–16] all of which are totally unexploited and, in some cases, they are dangerous
for the environment [5,11,17].

For this reason, the entities responsible for monitoring the proper functioning and use of natural
resources have generated policies which seek to reduce the contamination of water bodies by liquid
discharges through the collection of the remuneration rate [18]. However, if the CWW were given a
sustainable use that takes advantage of its potential, and generates additional income for companies,
it would be possible to reduce its contaminating impact more effectively. This would contribute to the
achievement of improvements or modifications in the production process, so that it is more efficient
and profitable, thus generating greater benefits for the company and the environment.

In this sense, intensive studies have been carried out in the last decades and several green
technologies have been extensively reviewed. Anaerobic digestion (AD) is a predominant technology
for the treatment of high-strength wastewater with biogas production. This technology converts
pollutants into methane and other products under the joint effort of various microbial groups,
very different and closely dependent, in a series and parallel symbiotic reactions systems [5]. It is a
complex multi-stage process (Figure 2), which is carried out in the absence of an electron acceptor such
as oxygen. This process is described below.
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Figure 2. Schematic representation of anaerobic digestion process.

In the first stage of AD, the hydrolysis of complex biopolymers (polysaccharides, proteins, lipids)
are cracked into basic monomers, by exoenzymes (hydrolase) of hydrolytic microorganisms of the genus
Bacteroides, Bifidobacterium, Clostridium, Eubacterium, Lactobacillus, Megasphaera, Paenibacillus, Pectococcus,
Propionibacterium, Ruminococcus, Sphingomonas, Sporobacterium, Staphylococcus and Streptococcus [5,19].

The monomers formed in the hydrolytic phase are taken up by different facultative and obligatorily
anaerobic bacteria (e.g., Bacteroides, Bifidobacterium, Butyrivibrio, Clostridium, Cytophaga, Flavobacterium,
Lactobacillus, Ruminococcus, Paenibacillus, Propionibacterium and Streptococcus) and are degraded in
the second, the acidogenic stage, to short-chain organic acids, alcohols, hydrogen, and carbon
dioxide [19]. The products from the acidogenic stage are transformed into acetate and hydrogen by
obligate H2-producing (Syntrophobacter, Syntrophomonas, Syntrophus, Syntrophococcus and Desulfovibrio)
and homoacetogenic (Acetoanaerobium, Acetobacterium, Acetogenium, Butyribacterium, Clostridium,
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Eubacterium and Pelobacter) bacteria in the acetogenic stage [20]. In the fourth stage, the methane
formation takes place under strictly anaerobic conditions, from acetic acid (acetoclastic route by
methanogenic archaea such as Methanosarcina and Methanosaeta), and from hydrogen and carbon
dioxide (hydrogenotrophic route by methanogenic archaea such as Methanobacterium, Methanospirillum,
Methanogenium, Methanococcus and Methanobrevibacter). Nevertheless, only 27–30% of the methane
arises from the reduction, while 70% arises from acetate during methanation [5,19].

Even though in the literature there are already many laboratory and pilot-scale studies on the
anaerobic treatment of CWW [12,21,22], most of the studies deal with diluted (or deproteinated)
whey in first and second-generation bioreactors, which is much simpler to treat. Consequently,
the application of a biotechnological process, such as anaerobic treatment in the Expanded Granular
Sludge Bed (EGSB) bioreactor (third generation bioreactors), could be a sustainable alternative, reliable
and low-cost for CWW treatment with potential to renewable and environmentally friendly bioenergy
production. This type of bioreactor has several advantages, including design simplicity, usage of
unsophisticated equipment, low anaerobic granular sludge (AGS) production, low operating costs,
low power consumption (no O2 transfer required), low nutrients and chemicals requirement, compact
design (suitable for small spaces), high treatment efficiency from up to 90% similar to aerobic treatments,
operates at an ultra-high organic loading rate (OLR) up to 40 kg COD/m3day, low hydraulic retention
time (HRT) from 0.2 to 2 days for low-strength wastewater (in such a situation effluent recirculation is
not needed), up to 10 days for high-strength wastewater (like vinasse, coffee processing wastewater,
among others), and start-up times between 30 to 60 days. Also, the design of this bioreactor offers
maximum efficiency, stability and flexibility to treat various types of wastewater, thanks to its external
recirculation, a feature that allows efficient internal mixing and optimal contact between AGS and
wastewater. Thus, because it is a completely closed system, with zero emission of odors, this bioreactor
has a high potential to generate renewable energy in the form of biogas, biomethane or biohydrogen [23].
Therefore, the aim of this work was to carry out the evaluation of the anaerobic treatability of an
expanded granular sludge bed (EGSB) bioreactor as a new sustainable alternative for treatment of
CWW with bioenergy (i.e., biomethane) production.

2. Materials and Methods

2.1. Cheese Whey Wastewater (CWW)

The CWW used in this investigation was obtained from a cheese-processing factory located in
Ocozocoautla de Espinosa, Chiapas, Mexico (latitude 16◦45′41.26′′ N and longitude, 93◦22′32.35′′ W).
The samples were collected and stored at −20 ◦C until used. The CWW was analyzed according to
the Standard Methods for Examination of Water and Wastewater [24]. The parameters measured
were: pH, COD, BOD5, settleable solids, total solids (TS), total volatile solids (TVS), floating matter,
electrical conductivity (EC), color, turbidity, acidity, alkalinity, total nitrogen (TN), total phosphorus
(TP), sulfates, and fats, oil and grease (FOG). The moisture and ash content were determined according
to the Association of Official Analytical Chemists [25]. The total organic carbon (TOC) was determined
by the method of Walkley and Black, [26]. The pH, EC, color, turbidity, viscosity and density were
measured using a digital potentiometer (Hach SenSion 3, Hach, Loveland, CO, USA), colorimeter
(Hach DR900), turbidimeter (Hach 2100Q01) and viscometer (SVM 300, Anton Paar, Graz, Austria),
respectively. All the tests were performed in triplicate.

The biodegradability index (BI), the competitiveness index (CI) and the FOG-wastewater index
(FWI) were then calculated by using Equations (1)–(3), respectively [23]:

BI =
BOD5

COD
(1)

CI =
COD
[SO2−

4 ]
(2)



Processes 2020, 8, 931 5 of 16

FWI =
FOG
COD

(3)

2.2. AGS Acclimatization

Before evaluation of the EGSB bioreactor, an AGS was acclimated in a lab-scale batch bioreactor
of 5 L. The AGS was obtained from a full-scale upflow anaerobic sludge bed (UASB) bioreactor that
operated under mesophilic conditions located at the wastewater treatment plant of the soft drink
industry in Chiapa de Corzo, Chiapas, Mexico (latitude 16◦42′30′′ N and longitude 93◦1′1′′ W).
The AGS was regular and spherical in shape (∅, c. 0.5–1 mm), brown-grey color with TS, TSS and TVS
concentrations of 75.2 g/L, 45.9 g/L and 29.5 g/L, respectively; TVS/TS ratio of 0.39, sludge volume
index (SVI) of 16.3 mL/gTSS and density of 1.043 g/mL.

AGS acclimatization was performed using the fixed efficiency strategy [27,28], gradually increasing
the CWW concentration. This process consisted of feeding the AGS into a batch bioreactor with diluted
CWW (pH 7 and to room temperature) from 30% (22 gCOD/L) up to 50% (45 gCOD/L) v/v the time
necessary until reaching the COD removal efficiency of 90%. Once the efficiency was reached, the used
CWW was drained from the batch bioreactor to subsequently restart a new cycle of operation. The AGS
acclimatization was carried out in a period of 92 days with six operating cycles. During acclimatization,
the pH, alkaline factor, and COD were monitored in each operation cycle.

2.3. Experimental Set Up

The experimental unit consisted of a fiberglass laboratory-scale EGSB bioreactor of capacity
3.3 L (Figure 3). The bioreactor was 95 cm high and had an internal diameter (ID) of 6 cm with a
height/diameter ratio of 15.8. An inverted, funnel-shaped gas–liquid-solids (GLS) separator was used
at the top of the column to allow for separation of the solids and biogas from the liquid phase, and to
conduct it to the gas tank. The polyethylene terephthalate gas tank was cylindrical, 50 cm high and
ID of 5 cm. The EGSB bioreactor was automatically fed using a peristaltic pump (Master Flex model
7534-04) (Cole-Parmer, Vernon Hills, IL, USA) connected to a tank (polyethylene) of 1.5 L that stored
the CWW (influent). The treated CWW (effluent) was also collected in a 1.5 L tank (polyethylene).
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2.4. Reactor Operation

The EGSB bioreactor was inoculated with AGS (30% of bioreactor working volume) previously
adapted in a batch bioreactor. It was operated under mesophilic conditions (26.6 ± 1.4 ◦C) for 201
days, at an HRT of 6 and 8 days, and OLR of 7.76 ± 0.52 and 5.74 ± 0.43 kg COD/m3day (Figure 4).
Throughout the study the CWW (influent) concentration was 46.3 ± 3.2 g/L; and it was buffered to pH
7 with NaOH and NaHCO3.
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2.5. Analytical Methods

Table 1 shows the physical and chemical examinations and determination methods adopted for
the samples of influents, effluents, and biomethane of the bioreactor. The frequency and bibliographic
references of the methodologies used are also listed in the table. The daily volume of methane produced
in the reactors was corrected to standard temperature and pressure (273 K and 1 atm) (STP).

Table 1. Determination and examination, frequency and bibliographic reference of the methodologies
used for influent, effluent, and biomethane.

Examination and Determination Frequency Reference

Influent and Effluent

pH D (Method 4500-H+–B) [23]
Temperature D (Method 2550–B) [23]

COD T (Method 5220–D) [23]
BOD5 M (Method 5210–B) [23]

TS W (Method 2540–B) [23]
Color M (NMX-AA-045-SCFI-2001) [29]

Turbidity M (Method 2130–B) [23]
TN M (NMX-AA-026-SCFI-2010) [30]

Buffer Index (BI) T (Titrimetric Method) [11]
COD removal efficiency T Mathematical Equation [31]

Biomethane

Biomethane Production T (Volumetric Method) [32]
Biochemical methane potential (BMP) T (Volumetric Method) [28]

Biomethane production rate (MPR) T (Volumetric Method) [5]

Frequency (D: Daily; T: Three times a week; W: Weekly; M: Monthly).

3. Results and Discussion

3.1. CWW Characterization

The physicochemical characterization of the CWW (as a wastewater discharge), is described in
Table 2. From the data presented, we observed that all the analyzed parameters exceeded the maximum
limits allowed by the World Health Organization (WHO) [33] and NOM-001-SERMARNAT-1996
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(Official Mexican Environmental Regulations) [34]. As a result, the polluting potential of these
agro-industries is enormous. Therefore, a risk analysis of these effluents is presented.

Table 2. Physicochemical characterization of CWW.

Parameter Values
Permissible Limits

WHO Mexico *

pH 4.33 ± 0.21 6.5–8.5 5–10
Moisture (%) 95.23 ± 1.35 - -

Ash (%) 3.75 ± 0.3 - -
Density (g/mL) 1.137 ± 0.02 - -

Viscosity (mPa·s) 0.986 ± 0.01 - -
Color (Pt-Co) 9366 ± 328 - -

Turbidity (NTU) 426 ± 24 5 -
EC (mS/cm) 8.5 ± 0.3 - -

Floating matter Present - Absent
Settleable solids (mL/L) 13 ± 1 - 2

TS (mg/L) 47,643 ± 1358 650 -
TVS (mg/L) 42,873 ± 3433 - -
TSS (mg/L) - 200 12–5

Acidity (mg CaCO3/L) 3379 ± 610 - -
Alkalinity (mg CaCO3/L) ND - -

FOG (mg/L) 5495 ± 480 - -
COD (mgO2/L) 91,600 ± 7950 300 -
BOD5 (mgO2/L) 90,083 ± 6742 100 150

TOC (mg/L) 33,400 ± 2742 - -
TP (mg/L) 707 ± 91 - 30
TN (mg/L) 2200 ± 185 - 60

Sulfates (mg/L) 17 ± 0.84 250 -
BI 0.98 ± 0.01 - -
CI 5388 ± 259 - -

FWI 0.056 ± 0.002 - -
C/N 15/1 - -

ND = not detected, * NOM-001-SEMARNAT-1996 (Water discharged in rivers).

CWW effluents exhibit COD values of 91,600 mg/L, BOD values of 90,083 mg/L and TOC values
of 33,400 mg/L, leading to a high consumption of dissolved oxygen in water bodies. With their very
high concentration of organic matter, these effluents may create serious problems of organic burden
on the local municipal sewage treatment systems [17] or the environment. This effluent has a high
concentration of nutrients as TN (2200 mg/L) and TP (707 mg/L). Due to the elevated TP and TN
contents, CWW pose a considerable risk of eutrophication in receiving waters [16], particularly in lakes
and slow-moving rivers. Eutrophication leads to many water quality problems, including generating
blooms of toxic or tainting phytoplankton forms; increasing plant/algal biomass production; occurrence
of blooms of micro-algae which may be a nuisance and cause aesthetic pollution; along with a decline
or disappearance of certain perennial plants, often replaced by annual, fast growing opportunistic
species such as foliose or filamentous green algae. Additional problems include reduced diversity
of the flora (and associated fauna); changes to photic regime through shading, increase in microbial
community and thus oxygen depletion, leading to hypoxic processes such as H2S and CH4 production;
development of opportunistic macrobenthic populations; poor water quality, especially water column
oxygen depletion, thus affecting fishes and zooplankton; and the mortality of higher organisms through
effects of neuro-toxins [5,11,28,31,35–37]. Furthermore, a low pH (4.33) can encourage the solubility
of heavy metals. As the level of hydrogen ions increases, metal cations such as aluminum, lead,
copper and cadmium are released into the water instead of being absorbed into the sediment. As the
concentrations of heavy metals increase, their toxicity also increases. In addition, mobilized metals can
be taken in by organisms, causing physiological damage and even increasing mortality rates [5,38,39].
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For all the above-mentioned reason, it can be considered as an aggressive effluent, whose direct
discharge to water bodies can cause a serious environmental impact, as well as severe health problems
for the population.

On the other hand, with the data obtained by the National Institute of Statistics and Geography
(INEGI); Secretariat of Agriculture, Livestock, Rural Development, Fisheries and Food (SAGARPA);
Secretariat of the Economy (SE), Federal Commission for Protection Against Sanitary Risk (COFEPRIS),
and the physicochemical characterization presented in this investigation, an analysis was carried
out in order to measure the impact that these wastewaters cause to the environment. The amount
of wastewater generated by an average person is 135 L/day with a concentration of 220 mgDBO5/L.
Therefore, a person generates a daily contribution of organic matter of 29,700 mgDBO5/day, and the
amount of CWW generated in the state of Chiapas is 510,000 L/day [40] with an organic load
90,083 mgDBO5/L (value determined in the physicochemical analysis). The dairy agro-industry in the
state of Chiapas generates a daily contribution of organic matter of 4.60 × 1010 mgDBO5/day. Therefore,
this agro-industry generates pollution similar to that produced by 1,546,880 inhabitants (comparable to
the pollution generated by 27% of the population of the state of Chiapas).

However, according to the physical-chemical profile, the CWW has great potential to be treated in
anaerobic EGSB bioreactor, since it presents a high BI (0.98) > 0.3, FWI (0.056) < 0.2, IC (5388) > 10,
and a C/N relationship (1/15). These values suggest the suitability of biological process application
according to the report by Cruz-Salomón et al. [23]. Hence, CWW can be a suitable substrate for the
anaerobic treatment in EGSB bioreactor with high biomethane production.

3.2. AGS Acclimatization

The first step to increase the efficiency of the anaerobic bioreactor is the acclimatization of
microorganisms (anaerobic granular sludge). This process may occur when microorganisms are
contacted with new substrates in a favorable environment [41]. Because of this reason, Figure 5a shows
the kinetic AGS acclimatization in the batch reactor favoring their environmental conditions. Six cycles
at different dilutions (30 to 50% v/v) were made. During acclimatization, the relationship between the
number of cycles and HRT was inversely proportional. This is because the time that the microorganisms
invest in the degradation of organic matter decreases even though the concentration increases with
each cycle. This phenomenon is due to the fact that in the AGS, there is selection and multiplication
of specialized microorganisms during this phase. In addition, there may be physiological changes
in the metabolic system of microorganisms, i.e., alterations in regulation and enzymatic production,
and mutations [27,42,43]. In this study, the acclimatization of the AGS was achieved in 92 days and
HRT decreased from 28 days (cycle I) to 6 days (cycle VI).

Furthermore, in cycle I and II (first 52 days) the anaerobic digestion stages can be observed.
During the first 8 days (cycle I) and 28–36 days (cycle II) the hydrolysis stage can be seen with the rapid
decrease in COD. Between days 8–16 (cycle I) and 36–44 (cycle II), the acidogenesis/acetogenesis stages
can be seen, with the increase or maintenance of COD value, since at this stage the microorganisms
release short-chain acids into the medium, which are detected in the COD analysis. And finally,
on days 16–32 (cycle I) and 44–52 (cycle II) the methanogenesis stage is observed with a new decrease
in COD, since methanogenic microorganisms consume short-chain organic acids, releasing them from
the liquid matrix in the form of CH4 and CO2 [44]. However, the phenomenon described above,
becomes undetectable with the passing of the cycles (according to the degree of acclimatization of the
microorganisms), as can be seen in cycle IV, V and VI, where HRT for COD removal over 90% was
6 days.

On the other hand, in order to favor the acclimatization of the AGS, environmental conditions
such as temperature and pH were controlled [41], in addition to monitoring the buffer index (Figure 5b).
The results showed that the batch bioreactor operated in a stable condition (BI of 0.35 ± 0.05 and
pH of 7.29 ± 0.3) according to the report by Perez and Torres, [45] and Mao et al. [46], thus allowing
adequate acclimatization.
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Figure 5. Kinetic AGS acclimatization in batch reactor. (a) Monitoring of COD degradation and (b)
Monitoring of pH and alkalinity factor.

3.3. EGSB Bioreactor Operation Analysis

The results obtained from the start-up, stabilization, stage I and II of the EGSB bioreactor are
presented below (Figure 6). The EGSB bioreactor was operated over 201 days at mesophilic range
(26.6 ± 1.4 ◦C) and pH of 7.22 ± 0.40.

Figure 6a shows that although the influents were conditioned at a pH of 7 with NaOH, it can
be observed that in the first 19 days (start-up), the pH of the EGSB bioreactor decreased to reach
a pH of 4.4 (i.e., it underwent acidification). This caused disturbances similar to those reported by
Malaspina et al. [47], like acidification and production of an excess of viscous extracellular polymeric
materials. This phenomenon is probably due to the over-production of exopolysaccharides of bacterial
origin; their synthesis uses mono- and disaccharides, glucosamines and uronic acids as substrates,
and is favoured by high concentrations of sugars and by high C/N ratios.

In order to solve this problem, the NaOH was replaced by NaHCO3 from the 21st day, after which
the pH increased gradually until reaching an average pH of 7.22 ± 0.40, which is favorable to carry out
anaerobic digestion as reported by Mao et al. [46].

Thus, the NaHCO3 generated a greater alkalinity of the EGSB bioreactor, because this chemical
compound is a very effective buffer and the HCO3

−/H2CO3 ratio is very high, which supposes an
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elevated capacity to buffer acids. The bicarbonate ion (HCO3
−) can combine with a proton (H+) to

form carbonic acid (H2CO3), thus absorbing protons from the CWW. This raised the pH of the system
and decreased the production of viscous extracellular polymeric materials, which allowed the EGSB
bioreactor to operate properly during the entire evaluation (stabilization, stage I and II).Processes 2020, 8, x FOR PEER REVIEW 10 of 16 
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Figure 6. Evolution of the performance EGSB bioreactor under continuous CWW supply. (a) OLR, pH
and temperature, (b) Buffer index (BI) monitoring and (c) The variations on COD concentration and
removal efficiency.

On the other hand, the buffer index (BI) is a simple and reliable control parameter to monitor the
stability of the process in an anaerobic bioreactor such as EGSB, since it allows measurement of the
relationship between alkalinity due to volatile fatty acids (VFAs) and total alkalinity. Its adequate
variation is in the range of 0.2–0.4, which indicates that at least 60% of the total alkalinity of the system
must be in the form of bicarbonate alkalinity. Lower values indicate undernourishment and higher
values indicate acidification principles [45].

Figure 6b shows the behavior of this parameter (BI) throughout the period of the bioreactor
evaluation. In this figure it is observed that during the first 41 days (start-up) the bioreactor presents
instability since it shows BI values outside the range reported by Rojas, [48]. This was corroborated
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with the rapid decrease in pH (Figure 6a), which is indicative of the fact that the bioreactor had low
bicarbonate alkalinity, and therefore it was operating unstably (presenting acidification). To avoid this
behavior, it was decided to change NaOH for NaHCO3 to increase alkalinity in the bioreactor. This
compound is considered to be the main bicarbonate alkalinity supplement and is the only product
which gently changes the balance of the medium to achieve a desired value, without altering the
physical-chemical balance of the delicate biological community. After the change, the pH began to
increase until reaching stability, according to what was reported by Mao et al. [46], and the BI began to
decrease until reaching values of 0.23 ± 0.1 (values within the range reported by Perez and Torres, [45]).
This indicated that the bioreactor operated stably throughout the evaluation (stages I and II).

An important parameter to measure the efficiency of organic matter removal in an anaerobic
bioreactor is COD. Figure 6c presents the evaluation of COD removal efficiency, where it can be seen that
in the first days (start-up), the efficiency was low, because acidification caused by unfavorable conditions
in the bioreactor occurred. This phenomenon was produced by the lack of bicarbonate alkalinity and
high production of VFAs (BI > 0.4), because VFAs were not consumed at the same rate as they were
produced by acidogenic bacteria, causing their accumulation in the system. Free acids that cannot be
neutralized caused a rapid decrease in available alkalinity with the consequent decrease in pH to values
of 4.4. This phenomenon was similar to that reported by Rodgers et al. [49], where he recommends
alkali supplementation during the start-up period or during the process to avoid acidification of the
CWW-fed bioreactor. Therefore, when using NaHCO3, a rapid recovery of the pH was observed
maintaining values of 7.22 ± 0.4 and BI values of 0.23 ± 0.1, which resulted in a greater elimination
of COD because the bioreactor was operating in favorable conditions. On average, the efficiency of
the COD removal rates for stage I and II was 90 and 92%, respectively (without significant statistical
difference). These COD removal efficiencies obtained with the EGSB bioreactor are better than those
reported by other researchers who have treated the CWW with other reactors such as a continuously
stirred tank reactor (CSTR), Up-flow anaerobic filter (UAF), downflow fixed-film reactor, rotating
biological contactor (RBC) reactor, anaerobic sequencing batch reactor (ASBR), anaerobic batch reactor,
among others; they have report COD removal efficiencies of 60 up to 90% using diluted CWW
(COD up to 31 g/L) [16,21,22].

However, even when the removal percentage was high (Table 3), effluents were generated with
high concentrations of COD, BOD5, TS, TN, color and Turbidity. Therefore, these effluents cannot yet
be discharged to the sewage system or to surface water bodies (for example, rivers, lakes, etc.), since it
still does not comply with environmental regulations [34]. It is recommended to increase the HRT,
add an effluent recirculation, a second anaerobic treatment or an aerobic treatment combined with
another method.

Table 3. General analysis of the influent and effluent of the EGSB bioreactor.

Parameters Influent
Effluent E (%) Permissible Limits

Stage I Stage II Stage I Stage II WHO Mexico *

COD (mg O2/L) 46,348 ± 3200 4548 ± 346 3468 ± 439 90 92 300 -
BOD5 (mg O2/L) 45,421 ± 3036 4080 ± 264 2971 ± 214 91 93 100 150

TS (mg/L) 19,558 ± 1350 5661 ± 553 4843 ± 481 71 75 650 -
TN (mg/L) 1090.8 138 ± 22 119 ± 18 87 89 - 60

Color (Pt-Co) 4683 2547 ± 145 2389 ± 128 46 49 - -
Turbidity (NTU) 277 121 ± 27 116 ± 19 56 58 5 -

E (%) = Removal Efficiency, * NOM-001-SEMARNAT-1996 (Water discharged in rivers).

3.4. Biomethane Production

Biomethane is a type of renewable natural gas obtained from anaerobic fermentation of waste
(like wastewaters) under controlled conditions. This gas is similar to natural gas found in nature and
can therefore be substituted for it. It is bio because it is produced from the degradation of organic
waste. It has the same properties and advantages, so it can be used as fuel or for the production of
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heat or electricity. Therefore, it is an energy alternative that contributes significantly to the reduction
of greenhouse gas (GHG) emissions. During stage I and II of the evaluation of the EGSB bioreactor,
biomethane production (Figure 7) and biomethane production rates (MPR) were measured. The values
obtained were 6981 mL CH4/day and 2.327 mL CH4/cm3 of bioreactor per day; 5274 mL CH4/day and
1.758 mL CH4/cm3 of bioreactor per day, respectively. The biomethane production and MPR showed a
statistically significant difference (p < 0.05) for each HRT. This phenomenon was expected because there
is a greater quantity of substrate in stage I than in stage II, therefore the microbial consortium generates
more biomethane in stage I than II. The higher biomethane production generated is attributed to the
fact that CWW is a highly biodegradable substrate, as shown in its BI in Table 2.
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Figure 7. Methane production and BMP in the EGSB bioreactor at HRT of 6 and 8 days. The values
shown are the media average with their standard deviations.

On the other hand, BMP is defined as the amount of methane produced for a given quantity of
organic matter removed, is the result of the activity of the anaerobic consortium (i.e., catabolism) and
depends on the fraction of the biodegradable matter [50] and the nature of the compounds [51,52].
That is, maximum BMP value is 350 mL CH4/gCOD removal [28,32,53] when the anaerobic ecosystem
uses carbon for anaerobic respiration, growth and maintenance only. In this investigation, the BMP
(Figure 6) values obtained were 334 and 328 mLCH4/gCOD, respectively. These values were similar
because the same substrate-AGS-bioreactor was used, and therefore the values did not show significant
statistical difference (p < 0.05), despite having modified the HRT in the stage I and II. Many authors
have measured this parameter for CWW in bioreactors under steady conditions, and they obtained
similar results [5,11,54,55].

In addition, the energy balance was performed to estimate the energy produced and the number
of homes that could be powered by taking all the CWW generated in the state of Chiapas. For this
calculation, the values obtained from BMP, COD concentration of CWW and COD removal efficiency
of the EGSB bioreactor were used. As mentioned previously in the analysis of the environmental
impact caused by the CWW, the dairy agro-industry in Chiapas produces around 510,000 L/day [40]
with an organic load of 91,600 mgCOD/L (Table 2); therefore, this agro-industry generates a daily
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contribution of organic matter of 4.67 × 1010 mgCOD/day. However, if all these effluents were treated
in an EGSB bioreactor with a COD removal efficiency of 90% and a BMP of 334 mLCH4/gCOD, such as
those obtained in this investigation, it would generate around 14 × 103 m3 CH4/day.

Taking into account that the calorific value of 100% methane is 8560 Kcal/m3 [56], the use of
the EGSB bioreactor in this agro-industry could generate around 120 × 106 Kcal/day equivalent to
139,560 kWh (with an efficiency of 100%). Knowing that the average consumption of electrical energy
registered in a home is 250 kWh/month (8.33 kWh/day), it is concluded that this technology can satisfy
the energy needs of 16,754 homes.

4. Conclusions

The evidence found in this study has highlighted that CWW is a viable substrate to be treated in
the EGSB bioreactor as long as it is buffered with NaHCO3 (because the major problem associated with
the EGSB bioreactor is the easy acidification of the CWW substrate is used). The efficiency of COD
(>90%), BOD (>90%), TS (>70%) and TN (>87%) removal were high as the EGSB bioreactor operated
under stable conditions of temperature (26.6 ± 1.4 ◦C), pH (7.22 ± 0.4) and BI (0.23 ± 0.1). However,
these values can be improved by increasing the HRT or adding an effluent recirculation.

Also, based on biomethane production (6981 and 5274 mL CH4/day), BMP (334 and 328 mL
CH4/gCOD), MPR (2.327 and 1.758 mL CH4/cm3 of bioreactor per day) and BI (0.98), this CWW
treated in an EGSB bioreactor shows high potential for bioenergy production. Thus, an anaerobic
EGSB bioreactor, in addition to reducing the environmental impact, helps reduce external energy
dependence, with positive effects for the economy. So, this technology can be a sustainable alternative
to simultaneously solve the environmental pollution that this agro-industry confronts and produce
renewable and environmentally friendly bioenergy.

In addition, with this investigation we can shift the paradigm of wastewater management from
treatment and disposal to beneficial utilization.
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