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ABSTRACT. The present work shows the results of the two-phase anaerobic digestion assessment for the treatment of coffee wet wastewater.
The effect of recycle on the anaerobic digestion process was studied. Twooverall organic loading rate (OLR) values of 4,2 and 5,7 kgCOD-m?>-d",
with same overall hydraulic retention time (HRT) of 21,5 h was evaluated.In a two-phase system wereapplied two recycle rate of 0,4 and 1,0, of
the effluent of an UASB-UAF methanogenic hybrid reactor towards an UASB acidogenic reactor. In the anaerobic system with a recycle rate
of 1,0 the total chemical oxygen demand (COD) removal was 90%. The introduction of the recycle decreased the concentration of total volatile
fatty acids (VFA), but it did not affect their composition, suggesting that the degradation pattern did not change. The presence of the acidogenic
reactor in the two-phase system improved the stability of the anaerobic digestion process and increased the efficiency of methanogenic digester.

Keywords: anaerobic digestion, coffee wet wastewater, recycle, two-phase system,hybrid reactor

RESUMEN. El presente trabajo muestra los resultados de la evaluacion de la digestion anaerobia en dos fases para el tratamiento de las aguas
residuales del beneficiado humedo de café. Se estudi6 el efecto de la recirculacion en el proceso de digestion anaerobia. Fueron evaluados dos
valores de cargas organicas volumétricas (COV) generales de 4,2 y 5,7 kgCOD-m>-d"!, con los mismos tiempo de retencion hidraulica (TRH)
generales de 21,5 horas. En el sistema en dos fases fueron aplicadas dos tasas de recirculacion de 0,4 y 1,0, del efluente de un reactor hibrido
metanogénico UASB-UAF hacia un reactor acidogénico UASB. En el sistema anaerobio con una tasa de recirculacion de 1,0, la eficiencia
de eliminacion de la demanda quimica de oxigeno (DQO) fue del 90%. La introduccion de la recirculacion disminuyo la concentracion de
los acidos grasos volatiles (AGV), pero no cambid su composicion, lo que indica que el patron de degradacion de esos acidos no cambid. La
presencia de un reactor acidogénico en un sistema en dos fases mejora la estabilidad del proceso de digestion anaerobia u aumenta la eficiencia
del digestor metanogénico.

Palabras clave: digestion anaerobia, aguas residuales de café, recirculacion, sistema en dos fases,reactor hibrido.

INTRODUCTION of the anaerobic digestion is a complex ecosystem that involves

The anaerobic digestion is a fundamental process that | several groups of microorganisms. In the first stage (hydrolysis),
combined with other appropriate methods, either aerobic or | the complex organic polymers (polysaccharides, proteins and
physical-chemical, can be a suitable and sustainable technol- | lipids) are hydrolyzed to organic compounds more simple and
ogy to treat waste in developing countries. The microbiology | soluble (sugars, amino acids and fatty acids). The acidogenesis
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and acetogenesis are the second and third phases, respectively,
where the intermediate groups are degraded by the acidogenic
microorganisms forming volatile fatty acids (VFA) which are
later on converted into acetate (CH,COOH), carbon dioxide
(CO,) and hydrogen (H,) by the acetogenic bacteria. Finally, in
the fourth phase (methanogenesis), the methane is originated
by the methanogenic population (acetoclastic and hydroge-
notrophic bacteria) due to the acetate conversion and by the
H,-CO, route, respectively (Pavlostatis, et al., 1991).In the
conventional process, the forming-VFA microorganisms and
forming-methane microorganisms stay together inside a reac-
tor, where a delicate balance among those bacteria groups must
exist, since both groups differ widely in physiological terms,
nutritional needs, growth kinetic and sensitivity to the envi-
ronmental conditions (Yang, et al., 2003; Dareioti, et al., 2009).

Ghosh and Pohland were the first in suggesting the physical
separation of the forming-acids and forming-methane microbial
populations in two separated reactors where the optimal condi-
tions for each microorganism group are established, improv-
ing, therefore, the stability and control of the process (Pohland
and Ghosh, 1971). The first reactor would be used for the VFA
production and the second reactor for the methane production.
This configuration overcomes the restriction of the conventional
method of the anaerobic digestion, increasing the robustness
of the system, and facilitating a better application, control and
optimization of the process (Dareioti, et al., 2009). In addition,
it allows the selection and enrichment of the different groups
of microorganisms in each separated reactor, increasing the
stability of the process by a better control of the acidogenic
phase while preventing the overload and inhibition by toxic
compounds (Caramillo and Rincon, 2012). The recycle of the
effluent treated in the methanogenic reactor towards the acido-
genic reactor is a method that facilitates the hydrolysis of the
organic matter in the two-phase anaerobic digestion. Similarly,
it improves the extraction conditions of the organic matter and,
at the same time, the produced buffer capacity prevents the
excessive acidification in the reactor (Stabnikova, et al. 2008).
This method provides the dilution of the polluting organic load
to the anaerobic reactor and the reuse of the alkalinity produced
in the process in the acidification reactor. On the other hand, as
the pH of the affluent in this phase can be partially controlled
there is a possibility of reducing the operational costs thanks to
adecrease in the amount of extra alkalinity added to the system
(Azbar, et al., 2001; Demirel and Yenigiin, 2002; Kraemer and
Bagley, 2005).

As it has been exposed in the previous lines, the recycle of
part of the effluent of a methanogenic reactor to the hydrolysis-
acidification reactor in the two-phase anaerobic digestion
system is a fundamental step to obtain the optimization of
an anaerobic process.Furthermore, economic savings can be
achieved because the demand of buffer substances for adjust-
ing the pH of the wastewater entering the digester decreases. In
consequence, the aim of this work was to assess the operation
response of a two-phase anaerobic digestion system under re-
cycle of part of the effluent of the methanogenic reactor towards
the acidification reactor.

METHODS
Reactors

Figure 1 shows a scheme of the configuration of the labo-
ratory scale anaerobic system that was used, which consisted
of two reactors that constituted the anaerobic process. The
reactors were kept at mesophilic temperature (37£1°C) in a
constant-temperature room. Two-phase anaerobic digestion
system consisted of a UASB reactor for hydrolysis-acidifica-
tion phase and a hybrid UASB-UAF reactor for acetogenesis-
methanogenesis phase. In this system, the first reactor was
a glass cylindrical reactor, of 0,35 m of height and 0,076 m
of diameter and nominal volume of 2,13 L. This reactor was
equipped with a Masterflex® L/S® variable-speed modular
drive (model HV-07553-75, 6-600 rpm). The second reactor
was based on another glass cylinder of 0,43 m of height and
0.076 m of diameter and nominal volume of 2,0 L. This other
reactor was fed with a Masterflex® L/S® variable-speed
modular drive (model HV-07553-80, 1-100 rpm). In the upper
third of the hybrid methanogenic reactor were placed 0,67 L of
crushed and sieved zeolite, with a particles diameter between
2,0-4,76 mm and filter height of 0,14 m.

Feed and seed

The inoculum used was granular sludge coming from
an industrial scale UASB reactor that processed canned
juice wastewaters having a volatile suspended solid (VSS)
concentration of 73,5 g-L!. The laboratory reactors were fed
with coffee wet processing wastewater, located in Ixhuat-
lan community, Veracruz, Mexico. The composition of the
wastewater is shown in Table 1. As the coffee wet processing
wastewater was acid its pH had to be adjusted using sodium
bicarbonate (NaHCO,).

Acidoenic
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FIGURE 1. Experimental setup of the two-phase anaerobic
digestion system.
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TABLE 1. Characteristics of the coffee wet wastewater

Parameters Coffee wet wastewater
Total COD (mg-L™) 2545+142(60)
Soluble COD (mg-L™") 2302+175(60)
pH 3,79+0,21(60)

ST (mg'L") 1228,5
TVS (mg-L") 1141,6
SST (mg-L") 315,7
SSV (mg-L") 271,2

Experimental procedure

The hydrolytic-acidogenic phase reactor and the

acetogenic-methanogenic phase reactor of the two-phase
system were inoculated, respectively, with 0,64 and 0,4 L
of the granular sludge already mentioned. Once the in-
oculation was completed the start-up phase took place. The
start-up of the two-phase system lasted three weeks. When
concluding the three week it was considered that the sys-
tems had quasi-stationary state conditions, so two recycle
rates, 0,4 and 1,0, in a cycle of three weeks each one, were
evaluated and denominated Runl and Run2. The character-
istics of the different evaluation conditions are detailed in
Table 2. Each OLR evaluation was carried out in a period of
3 weeks. With the aim of increasing the alkalinity available
to deliver to the first reactor it was established an internal
recycle rate of 0,2 in the second reactor.

TABLE 2. Operating parameters of the two-phase anaerobic digestion system. Some values are shows as: average + standard

deviation (observation numbers)

Reactors Parameters Runl Run2
HRT (h) 5,5 55
UASB Flow (L- h'") 0,39 0,39
acidogenic Inlet flow (L-h™") 0,27 0,2
reactor Inlet flow of MR (L-h™) 0,12 0,2
(AR) OLR (kgCOD md) 10,9£0,49(9)  10,4+0,73(9)
Recycle rate 0,4 1,0
HRT (h) 16 16
Flow (L-h) 0,19 0,38
Hybrid UASB-UAF Flow towards AR (L-h™) 0,16 0,32
?éggtlg?ogenic Flow towards MR (L-h™) 0,03 0,06
(MR) Effluent flow (L-h™) 0,04 0,12
OLR (kgCOD-m-d"") 2,320,2(9) 2,1£0,1(9)
Recycle rate 0,2 0,2
- Overall HRT (h) 21,5 21,5
Overall conditions Overall OLR (kgCOD-m™-d")  4,2+0.2 5,7+0,4
Analytical methods RESULTS AND DISCUSSION

The alkalinity ratio (o) was calculated as the quotient of
partial alkalinity at pH 5,75 and total alkalinity at pH 4,30. To-
tal and soluble chemical oxygen demand (COD) analyses were
carried out using a HACH COD reactor (digestion at 150°C
for 2 h) according to the closed reflux colorimetric method
described in Standard Methods for the Examination of Water
and Wastewater (APHA, 1995). Volatile Fatty Acids (VFA)
were analyzed with a gas chromatograph (Chromatograph SRI
model 8610, with a flame detector, Zebron column, and Helium
gas carrier to 30 psi). The biogas production was daily quanti-
fied by displacement of the liquid column placed in each of the
reactors gas meters. The methane concentration in biogas was
measured by gas chromatography (Chromatograph Fisher Gas
Partitioner Model 1200, equipped with a detector of thermal
conductivity, double column Porapack Q and mesh molecular
SA, with Helium gas carrier flow of 25 mL-min™).

UASB reactor for the hydrolysis-acidogenesis phase

Figure 2a shows the evolution of the pH in the efflu-
ent of the acidogenic reactor. During the start-up stage,
the system showed an average pH value in the effluent of
6,25+0,21, once the pH of the wastewater to be treated was
adjusted to an initial value of 6,5. These conditions provided
an adequate acclimatization of theacidogenic bacteria in
the start-up stage, thus achieving an adequate substrate
for the methanogenic bacteria of the next phase. Because
a pH of 6,0 was the objective to reach in the effluent of
the acidogenic stage, the pH of the wastewater to treat was
reduced during the Runl assessment to values of 6,0 and 5,6
in two consecutive stages (Figure 2a). For this purpose part
of the methanogenic effluent was recycled toward the first
reactor. When the recycle was induced, a larger hydraulic
load having a pH close to 8,0 coming from second reactor
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enters to the first reactor, causing an eventual increase in H*
concentration in this last reactor, that resulted in an increase
of the alkalinity in the system. According to Romli,ef al.,
(1994), the recycle effect influences the conversion of CO,
dissolved to CO, gaseous, which reduces the consumption of
an alkali substance to adjust the pH. Thus, in a two-phase
anaerobic system in steady-state conditions the use of an
appropriate recycle flow will maintain to a minimum the
total operating costs. In Runl1 the recycle ratio was 0,4 and
itrose up to 1,0 in Run2. For this reason two other pH drops
to values of 5,5 and 5,4 were carried out in days 50 and 57,
respectively. This pH decrease resulted in an effluent pH
interval whose range was 5,80-6,13, and an average value
of 6,06+1,17. This pH interval is very close to the interval
reported as optimal in the literature, because it provides
suitable environmental conditions for the hydrolytic-acido-
genic bacteria, besides providing a stable substrate for the
methanogenic phase (Bouallagui, et al., 2004; Demirer, et
al. 2004, Ponsa, et al., 2008).

As it is observed in the Figure 2b, the recycle did not
have a significant effect in the alpha index, because there
were not significant differences between the average values
observed in the two recycle ratios. When all the data mea-
sured in Runl and Run2 were considered, the alpha index
mean value was 0,27+0,02, and the alkalinity mean value was
837 mgCaCO, L. Such low alpha index and alkalinity mean
values were expected since the purpose of the acidogenic
phase is the VFA production. Therefore, the high concen-
trations of VFA in this reactor were responsible for the low
mean values of those two variables (Leitdo, et al., 2006;
Perez and Torres, 2008). Figures 2¢ and 2d show the VFA
concentrations and the COD removal efficiency behavior
in the effluent of the acidogenic reactor for the two recycle
rates evaluated. The compounds that resulted in this second
experiment with recycle were acetic acid (55-56%), propionic
acid (34-35%) and butyric acid (9-11%), and their respective
concentrations were 388-418 mg-L-!, 243-261 mg-L"' and
65-85 mg-L-. On the other hand, the interval of the COD
removal efficiency varied within the range of 32-38% for both
conditions (Runl and Run2), and the average acidification
degree was 35+£3%. The analysis of each VFA group showed
that the recycle did not influence in the relative composition
of them, indicating that the recycle did not affect the degra-
dation pattern of the residual. Romli ef al. (1994) observed
a similar situation and they reported that the increase of the
recycle has the effect of diluting the VFA and the wastewater
concentration to treat. Biogas production and methane con-
centration are observed in the Figure 2e. The biogas produc-
tion and methane concentration achieved average values of
0,72+0,17 m*kgCOD" _ -d" and 15+1,7%, respectively.

Hybrid UASB-UAF reactor
for the acetogenic-methanogenic phase

Effluent pH values of the methanogenic reactor were
observed in the interval of 7,68-8,03, with an average value
of 7,9+0,3 (Figure 2a). This pH interval allows concluding

that an appropriate performance of the methanogenic phase
was achieved. Alpha index values were measured in a range
of 0,55-0,68 (Figure 2b) and the total alkalinity mean value
was 1231£93 mgCaCO,-L"'. The main pH buffer compounds
in an anaerobic reactor are the alkalinity produced by ions
bicarbonates (titration until pH 5,75) and the VFA (titration
until pH 4,3) (Hass, and Adam, 1995). The limiting steps
of this two-stage treatment were the last two phases of
the anaerobic process (acetogenesis and methanogenesis)
because this agro-industrial wastewater consisted of high
carbohydrate concentrations. Taking into account the values
of total alkalinity reached, they provided adequate buffering
capacity to prevent any VFA accumulation and the imbalance
of the system. A factor that affects an anaerobic system is the
organic overload generated by the frequent variation in the
amount and concentration of this sort of wastewaters due to
the variability of the coffee grain harvest. This phenomenon
hampers OLR control, inducing a potential risk of overload-
ing the anaerobic reactor by the application of an OLR higher
than the one applied initially.

The effluent recycle from the methanogenic reactor
towards the acidogenic reactor reduced the sodium bicar-
bonate consumption required in the latter to increase the
pH of the incoming wastewater. In Figure 3 can be seen
the amounts of sodium bicarbonate that were added in the
acidogenic reactor to maintain the pH at optimal levels. A
decrease of 39% in the sodium bicarbonate consumption
was reached by the two-phase system with the recycle rate
of 1,0, because it increased the alkalinity in the acidogenic
reactor. These results confirm that the recycle enables to de-
crease the operation costs in a two-phase anaerobic system,
due to smaller alkalinity consumption. This observation
agrees with what has been reported by other authors. For
example, in a study carried out by Kida and Sonoda (1992),
the alkalinity consumption decreased from 2,6 g L to
2,2 g-L-!" with the introduction of the effluent recycle from
the gasification reactor to the liquefaction reactor, with the
use of CSTR and AFBR reactors for the acidification and
methanogenesis stages, respectively. According to Romli,
et al., (1994), an increase of the recycle rate is inversely
proportional to the decrease of the additional alkalinity
consumption in an anaerobic reactor. Therefore, the effluent
recycle allows decreasing the use of an alkaline substance,
so it influences significantly in the operation cost of an
anaerobic system.

Average acetic and propionic acid concentrations in
the effluent were of 7621 mg L'and 43+7 mg-L"!, respec-
tively, whereas the butyric acid concentration was below
the chromatograph detection limit. It was observed a ten-
dency toward a decrease of the VFA concentration with
the introduction of recycle (Figure 2c¢), indicating that the
anaerobic methanogenic microorganisms were stimulated
by this factor because the amount of VFA degraded was
higher than without recycle. Recycle allows a better distri-
bution of the anaerobic bacteria, a higher dispersion of the
metabolic products produced, and a greater nutrient diffu-
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sion. Observed VFA concentration values were lower than
the VFA levels reported as inhibitory of the methanogenic
bacteria (Wang, et al., 2009). Therefore, the environmen-
tal conditions existing in the methanogenic reactor were
adequate for the fast conversion of intermediate products
of the anaerobic metabolism.

A beneficial effect of the recycle in terms of the organic
polluting degradation was observed. The average total COD
removal was 90+1%, while for the soluble COD removal it was
93,2+0,87% (Figure 2d). In the hybrid reactor UASB-UAF, the
development of a microbial biofilm attached to an inert medium
(zeolite) produced a greater retention of active biomass, thus
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enhancing stability in the two-phase system. Other authors have
reported similar results (Parawira, et al., 2006; Zinatizadeh,
et al., 2006 a,b; Singh and Prerna, 2009; Selvamurugan, et al.,
2010). Recycle also allowed the increase of the applied OLR in
the anaerobic system in two-phases. An increase of the OLR
of up to 5,7 kgCOD-m?>-d"! did not affect the performance of
the process, maintaining high degradation efficiencies of the
organic matter (Figure 2d). Several authors have confirmed
that the methanogenic hybrid UASB-UAF reactor is very ef-
ficient in retaining high amounts of biomass under conditions
of applied organic overload (Zinatizadeh, et al., 2006 a,b; Singh
and Prerna, 2009).
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FIGURE 2. Performance of the two-phase anaerobic digestion system: a) pH; b) Alpha index; ¢) VFA concentration; d) COD removal efficiency;
e) Biogas production and methane concentration.

-d.

The average total biogas production in the methanogenic reactor of the two-phase system was 0,13+0,02m* kgCOD"'
In Runl, when a recycle rate of 0,4 in the acidogenic reactor was considered, the methane concentration in the biogas produced
varied in an interval of 59-67%; whereas increasing the recycle rate to 1.0 in the same reactor, the methane concentration decreased
to 52-59%; which indicated that the increase in the recycle rate decreased the methane concentration in the biogas. According to

Romli et al. (1994), an increase in the recycle rate eventually increases the CO, production in the biogas.
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CONCLUSIONS

* In the two-phase anaerobic digestion system, recycle cased

an alkalinity reutilization that resulted in a rise in the pH

of the acidogenic reactor.

] * There circulation did not affect the VFA production in the

2500 ] acidogenic anaerobic reactor, but reduced its concentration

1 in the effluent.

] + Total and soluble COD removal efficiency in the two-phase

2000 4 system was higher, reaching values above 90%.

In the two-phase system with a recycle rate of 1,0 from
the acidogenic reactor to the methanogenic reactor, the

3500

3000 .

Additional consumption of alkali (mgNaHCO;.L')

1500 - 39% consumption of sodium bicarbonate was 39% lower than

] same conditions without recycle. Recycle increased the

1000 - OLR applied in the two-phase system without being
] affected the COD efficiency removal, but at the expense of

] a decrease in the concentration of methane in the biogas.
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