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Abstract

The aim of this study was to evaluate the methanogenic stage of anaerobic digestion to fruit and vegetable municipal 
wastes (FVMW), by mean of specific design reactors. The evaluation was carried out testing two systems with 
different configurations. System I was designed by two suspended–bed reactors, one for hydrolytic stage (R1) and 
other for methanogenic stage (R3). System II was formed by a suspended–bed reactor (R2) for hydrolytic stage and 
fixed-bed reactor (R4) for methanogenic stage. System I showed instability pH and low methane average production 
(0.23 ±0.03 LCH4/L/day) in reactor R3, whereas system II showed stable pH, better consumption of volatile fatty acids 
(VFA) and methane average production of 0.58 ±0.05 LCH4/L/day in reactor R4. Bacterial attachment to the ceramic 
support surface in the fixed-bed reactor leads to formation a biofilm in system II, and that increases the methane 
production. For these reasons the system II is the most advisable configuration for the anaerobic digestion to FVMW.

Keywords: fruit and vegetable wastes; anaerobic digestion; bioreactors performance, methanogenic stage, 
Hydrolytic stage.

Resumen

En este estudio se evaluó un sistema en continuo  de digestión anaerobia para los residuos municipales compuestos 
por frutas y verduras. La evaluación se llevó a cabo en dos configuraciones de reactores. El sistema I fue diseñado 
por dos reactores de lecho suspendido (CSTR) para la etapa hidrolítica y para la etapa metanogénica. El sistema II 
fue conformado por un reactor de lecho suspendido para la etapa hidrolítica y un reactor de lecho empacado para la 
etapa metanogénica. El sistema I mostro inestabilidad en el pH y baja producción de metano (0,23 ±0,03 lCH4/l/día) 
en el reactor R3, mientras que el sistema II mantuvo un mejor comportamiento del pH, mejor consumo de Ácidos 
Grasos Volátiles AGV y una producción promedio de metano de 0,58 ±0,05 lCH4/l/día en el reactor R4. La fijación 
bacteriana a la superficie del soporte cerámico en el reactor de lecho fijo conduce a la formación de una biopelícula 
en el sistema II, lo cual incrementa la producción de metano. Por estas razones, el sistema de II es la configuración 
más conveniente para la digestión anaerobia de FVMW.

Palabras clave: residuos de frutas y verduras, digestión anaerobia, funcionamiento de bioreactores, metanogénesis, 
hidrólisis.
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Introduction

Anaerobic digestion (AD) is widely recognized as 
a renewable energy source.  The biogas produced 
in the process is fit for energy production and fossil 
fuel replacement.  Additionally, remnant biosolids 
can be used as fertilizers or soil conditioners.  
However, despite all these advantages, nowadays 
anaerobic digestion has limited applications as 
waste treatment technology due in part to high 
costs, low efficiency and technical requirements of 
the process.
Some impeding issues about the application of 
anaerobic digestion to organic residues treatment 
are related to methanogenic microorganisms 
growing time, multiple inhibitors of the process and 
biostabilization time, when compared to aerobic 
processes. Research in this area, though, is very 
active and several improvements to the process 
have come forth in the last years [1]. For instance, 
the use of two-phase anaerobic processes, which 
separates the hydrolytic and methanogenic steps, 
allow better efficiencies and biogas yields [2,3].  
A major limitation of FVMW anaerobic digestion 
in a one-stage system is the pH decrease in 
reactor caused by rapid acidification from VFA 
production [4].  This effect stresses and inhibits 
the methanogenic bacterial activity. Two-phase 
systems indicate higher efficiencies in FVMW 
anaerobic digestion [5]. On the other hand, a two-
phase system where a short acidogenic step is 
followed by a long methanogenic step, often with 
a separation between the two reactors to withhold 
particulate matter during the acidogenic step [6], it 
is considered to be sensitive to high organic load 
and expensive. Hence operation and control of a 
two-phase system is considered complicated as 
acidogenic reactor effluent characteristics (pH, 
VFA or nutrients) need to be adjusted prior to 
feeding into the methanogenic reactor [7, 8].
Consequently the successful application of 
anaerobic technology to organic solid waste 
treatment depends critically on anaerobic 
bioreactors optimization and careful control of 
feedstock physicochemical characteristics [9, 
10]. The high reaction rates per volume unit in 
anaerobic digestion depend of the configuration 
reactor, the kind of methanizer and the possibility to 
carry out the process by separating the acidogenic 
and methanogenic steps [11]. The later is affected 
when using suspended bed reactors, by the fact 
that methanogenic bacteria can be washed out 
with the effluent owing to its long mass doubling 

times [7]. Thus, currently there is a wide interest 
in exploring fixed-bed reactors that allow biofilm 
formation through methanogenic bacteria attached 
to a solid support. The aim of this study was to 
evaluate the performance of both systems: a 
fixed-bed and a suspended-bed reactor; during 
the methanogenic phase of a two-stage anaerobic 
process of FVMW. 

Materials and methods 

System setup and operation conditions
The anaerobic degradation process was carried 
out in continuous operation using four reactors. For 
the hydrolytic phase we used two identical reactors 
continuous stirred-tank reactor - CSTR (R1 and R2) 
with automatic temperature and stirring control and 
two configurations to methanogenic stage; a CSTR 
(R3) and a fixed-bed (R4). The reactors R1 and R2 
have a volume of 30L and automatic temperature 
and stirring control. Due the characteristics of 
FVMW, it was necessary to design a specific 
agitation system with a helical agitator, moved 
by a 0.37 kilowatt electric motor. The agitation 
system was always operated in 2-h intermittent 
events controlled by a timer. Additional they 
were equipped with valves to biogas evacuation, 
feeding, discharging and sampling. 
For system I the methanogenic stage was executed 
in a CSTR-suspended bed (R3) with identical 
characteristics (R1 and R2).  For system II the 
methanogenic stage was carried out in a fixed-bed 
reactor (R4). This reactor was loaded with cylinder-
shaped ceramic brick packing distributed evenly 
in eight baskets along the column [12].  R4 had a 
volume of 9L and downstream operation (Figure 1).
Hydrolytic reactors worked in parallel to 
continuously produce feedstock for reactors 
R3 and R4. This setup was designed to ensure 
uninterrupted system operation.  Reactor operating 
parameters are shown in Table 1.

Substrate 

As raw material for the evaluated AD process 
As raw material for the evaluated AD process 
was used real mixture of fruit and vegetable 
municipal wastes. The FVMW was collected 
from local food markets produced in the city 
of Bucaramanga, Colombia, using a sampling 
protocol [12]. The easy biodegradable organic 
matter content of FVMW (81w%) with high water 
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Figure 1. Scheme of anaerobic digestion process FVMW.

Table 1. System operating parameters.
Operational 
parameters Units R1 and R2 R3 R4

Reactor total volume L 30 30 9
Reactor working 

volume L 24 24 7.09

Temperature °C 35 ± 2 35 ± 2 27 ± 2
Stirring Intermittent Intermittent Without Stirring

Reactor type CSTR CSTR Ceramic packed
Organic Loading 

Rate OLR gVS/L/day 3.3 ± 0.7

Hydraulic Retention 
Time HRT Day 24 24 7

Operating Time Day 100 100 100

content facilitates their biological treatment 
[13]. A size reduction step was necessary to 
facilitate the handling of the material. Sample 
homogenization was achieved first by crushing 
the residues to a particle size of 4 to 6 mm and 
then by blending them to obtain a slurry. Typical 
substrate composition was as follows: potato 
skin 24.1w%, yucca skin 29.51w%, banana 
skin 16.36w% and vegetables 30w%. Substrate 
physicochemical characterization is shown in 
Table 2.

The composition of FVMW is variable and depends, 
among others, on the source, geographical 
localization of the market and season. However 
some literature reports, [14,15] concerning the 
use of biological treatment for FVMW, give general 
guidelines for residue characteristics in terms of 
water content (74 to 90%), VS/TS ratios (80 to 
97%), and C/N ratios (14,.7 to 36,4).  As it can be 
gathered from Table 1, FVMW substrate falls within 
these values and it can be used for the purpose of 
anaerobic degradation.
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Table 2.   Substrate physicochemical characterization.
Parameters Unit Method Value
Size Particle mm Particle-size distribution 4-6

Water Content % Karl Fischer 82-84
Real Density kg/m3 ASTM D5004 1100

Apparent Density kg/m3 ASTM D1622 904.2
Total Solids (TS) w% gravimetry 16 -18

Volatile Solids (VS) w% (TS) gravimetry 94.4
Total organic carbon w% NTC 5167 Walkley Black 39-48

Total nitrogen w% Kjeldahl 0.35-1.19

Potassium w% Atomic Absorption 
Spectrophotometry 2.46

Phosphorus w% Atomic Absorption 
Spectrophotometry 0.22

Carbon to Nitrogen ratio 
(C/N) Calculation 32.77

Inoculum
In the hydrolytic reactor was used as inoculums a 
consortium conformed of 1:1 mixture of municipal 
wastewater treatment plant (MWTP) sludge and 
pig manure (PM) (Table 3) [16]. The reactors were 
inoculated with volume amounts of 16.7% from the 
reactor effective volume.
Then 30 days of hydrolytic reactor operation, 
a consortium  volume was extracted and used 
as inoculums in methanogenic reactor after a 
bioestimulation of methanogenic bacteria. To 

biostimulation a mixture from sterilized residual 
water, molasses, acetic acid, vitamin B complex, 
folic acid, micro and macroelements were added 
to consortium volume. A molasses solution (1%g/mL) 
was used as carbon source, to start up the process. 
The mixture was incubated at 38°C for 15 days. 
Afterwards, it was transfer to 20L reactor in order 
to increase its microorganism number. Then 
methanogenic reactors R3 and R4 were inoculated 
with inoculums of biostimulation of methanogenic 
bacterium.

Table 3.  Inoculums physicochemical characterization.
Parameters Unit Pig Manure sludge MWTP sludge Mix sludge

pH 8 7 6.63
TS g/L 106 35 325.3

VSS g/L 52 22 104.3
Alkalinity gCaCO3/L 1.7 2.1 2.03

VFA g/L 2.5 2.3 2.91

Analytical methods 
During the two-stage anaerobic digestion run, 
temperature, pH, VFA, bicarbonate alkalinity 
and biogas production were measured daily. 
Chemical oxygen demand (COD) was measured 
weekly according to the procedure reported in 
Standard Methods for the Examination of Water 
and Wastewater [17]. pH measurements were 
performed with hand-held pHmeter (Hanna 
Clarkson HI83140, USA), biogas volumetric 
composition (%O2, %CO2 and %CH4) was 
determined in situ using a Bacharach GA-94 
(Pennsylvania, USA) analyzer suited with an 
electrochemical cell and an infrared cell of dual 

wavelength. VFA and bicarbonate alkalinity were 
determined according to a titration procedure 
described by Anderson and Yang (1992). 
The gas volume produced was measured directly 
by liquid displacement (Mariotte bottle, 5L).

Results and Discussion 

Volatile Fatty Acids degradation of the two-
stage anaerobic digestion
The Figures 2 and 3 show VFA evolution of 
production in system I and II. Steady state was 
reached after 60 days of operation. Hydrolytic 
stage (R1 and R2) gets at VFA average value 
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production of 17.4g acetic acid /L. These high VFA 
values indicate that nutrients from FVMW substrate 
are readily available for metabolic processes. 
Moreover high production of VFA (40 – 50 g acetic 
acid /L) should be considered a factor that inhibits 
hydrolysis stage. Therefore, VFA concentration is 
an important factor when optimizing the efficiency 
of anaerobic digestion processes of complex 
substrates [18, 19]. 

Figure 2. VFA variation with digestion time in hydrolytic 
reactors (R1 and R2).

Figure 3. VFA variation with digestion time in 
methanogenic reactors (R3 and R4).

VFA´s concentration in R3 and R4 was high during 
the first sixty days of continuous operation while 
reactors reached the steady state. After this initial 
period VFA concentration values decreased in 
both reactors, and obtained an average value 
of 1.7g acetic acid /L and 1.2g acetic acid /L for 
R3 and R4 respectively. The different levels 
of VFA concentration between hydrolytic and 
methanogenic stage show good achievement of 
consortia methanogenic bacterium presents in the 
inoculums used in this study. The concentration of 
TVFA has been found to be a very good indicator of 
the metabolic status of an anaerobic degradation 
process. A FVMW biomethanization study, with 
20% and 30% total solid content, shows maximum 
VFA concentrations of 2.3 and 2.7g/L system 
inhibition by VFA [20].

The optimal working pH for hydrolytic stage in 
anaerobic digestion is between a range from 5 to 
6 [4, 16, 18, 19]. In this study pH variation in R1 
and R2 oscillated between 4.6 and 5.5. The pH 
behavior of R1 and R2 was according to hydrolytic 
stage, this circumstance is a consequence of high 
VFA formation and low alkalinity. During R1 and 
R2 operation time, the pH was not needed specific 
control; such a condition shows good development 
metabolic of inoculums.  
The methanogenic bacterium requires, for its 
optimal metabolic activity, a working pH within a 
range from 6.5 to 8 [21]. In this research pH was 
average value of 6.87 and 7.58 to R3 and R4 
respectively; without specific control. It is essential 
that the reactor contents provide enough buffer 
capacity to neutralize VFA accumulation, [22]. 
The pH value constant in methanogenic stage 
demonstrates excellent achievement of consortia 
presents in the inoculums used in this work. 
Additionally, the average values of partial alkalinity 
were 4.1 and 2.6g/l for R3 and R4 respectability. 
Laboratory studies about mesophilic and 
thermophilic anaerobic organic wastes digestion 
reported a range of 2 – 4g/L partial alkalinity as 
being typical for properly operating digesters]. 
Furthermore the VFA/alkalinity ratio (shows Figure 
4) did not rise above the critical value of 0.4; this 
condition is beneficial for increasing gas production 
and  for stabilizing the digestion process [23, 24]. 

Figure 4. Ratio VFA/Alkalinity variation with digestion 
time in the reactors R3 and R4.

COD analysis of the two-stage anaerobic 
digestion
COD removal is an important indicator of biomass 
transformation into methane by microorganisms. 
Output average values for COD in systems I (R1 
and R3) and II (R2 and R4) were 15.2 and 
4.2gO2/L and percentage removals COD an 
average of 89% and 98% respectively (Figure 
5). Values COD decreased as a function of the 
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digestion time.  However, the present biomass in 
this stage warrants a good hydrolytic development, 
similar to other studies [15, 23].

Figure 5. Percentage removal COD variation with 
digestion time system I and system II.

COD removal is an important indicator of biomass 
transformation into methane by microorganisms.  
For instance, it has been reported 96% of the 
total COD was converted to biomass and biogas 
from fruit and vegetable wastes using a two-
stage anaerobic digestion. In this study, system 
I performs very well and reaches COD removal 
values close to the highest reported in literature 
[21]. It is obvious than the presence of a solid 
support in R4 ensures an efficient transformation 
of the feed, when compared to the R3 suspended-
bed reactor.

Methane analysis of the two-stage anaerobic 
digestion
Both reactors R3 and R4 had good stable methane 
production during operation time (Figure 6). This 
high performance and stability of system I and II 
could be due to positive synergism of consortia 
and an optimal balance of nutrients in the medium 
digester. Average methane production in R2 and 
R3 of 0.23 LCH4/L reactor day and 0.58 LCH4/L 
reactor day respectively; these results were 
according with others researches. For example, in 
a biogas production process with a typical HRT of 
15–30 days, only 50 –70% from organic matter is 
converted into methane [23, 24].
The volumes of methane production in system I 
and system II were 0.23 ±0.03 LCH4/L and 0.58 
±0.05 LCH4/L reactor per day for R2 and R3 
respectively. These values were according with the 
results of two stage anaerobic digestion of fruits 
and vegetables; with methane volume of 0.26 to 
0.74 LCH4/L/day from organic loading rate of 3.7 
a 10g COD/L/day [21]. The results in this work 
allow infer that a fixed bed reactor (R3) affords 

better biomass transfer formation into biogas 
than a suspended-bed reactor. It is approach, R3 
is efficient, easy to handle (if key parameters are 
monitored), and produces good methane yield. In 
summary, despite the low pH of the hydrolic feed 
(4.6 – 5.5), this parameter in R3 increased up to its 
neutral value (between 7 and 8.45) because of the 
process stability and the activity of methanogenic 
bacteria of the inoculum.

Figure 6. Methane evolution in reactors R3 and R4.

Statistical analysis
In order to determine whether the observed 
differences between digesters performances data 
were subjected to the ANOVA tests (Statgraphics 
Inc, 2007). Figure 7 shows that there is difference 
statistically significant between the behavior two 
systems in relationship with methane production 
(P <0:05).

Figure 7. Means and medians distribution for the 
production of methane in the reactors R3 and R4.

Conclusions 

These processes differ mainly in the way that 
microorganisms are retained in the bioreactor, and 
the separation between the acidogenic and the 
methanogenic bacteria which reduce the anaerobic 
digestion limitations. 
A fixed-bed reactor for methanogenic phase of 
fruit and vegetable municipal waste´ anaerobic 
digestion is better than a suspended bed reactor. 
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The fixed-bed reactor showed good pH stability 
and VFA/alkalinity ratios with methane volume 
0.58 ±0.05 LCH4/L reactor day. The methanogenic 
bacteria have long mass doubling times and should  
stay for long time into reactor. For this reason, 
the fixed bed reactor  allows the immobilization 
of biomass in an inert support and improve the 
methanogenic phase.
Thence it is possible to conclude that separation 
phase between two groups of micro-organism 
involved in anaerobic digestion it is necessary to 
improve the yield of total process.
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