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Abstract 

Various aspects of anaerobic digestion (AD) technology have been the focus of 
research in recent years. Shortening the digestion time with enhanced process 
efficiency is one of the integral concerns in AD technology. This study was 
conducted to investigate the feasibility of a two-phase anaerobic treatment 
system for unscreened dairy manure. Hydraulic retention time (HRT) and 
organic loading rate (OLR) in the hydrolytic reactor are varied in order to 
evaluate the effect of these factors. The results showed that an optimum HRT 
and OLR of 2 days and 15 g.VS/L.day, respectively, yielded maximum 
acidification. The separation of acidogenic and methanogenic phases of digestion 
resulted in a significant increase in methane production rate in the methane 
reactor. The methane yields were found to be 313 and 221 mL CH4/g.VS loaded 
in two-phase and one-phase systems at 35°C, respectively. 
Keywords:  anaerobic digestion, dairy manure, two-phase, methane. 

1 Introduction 

With the rapid depletion of conventional energy sources, the need to find 
alternative, but preferably renewable, sources of energy is becoming increasingly 
acute. Through anaerobic digestion of biomass, including animal wastes, useful 
energy can be obtained [20]. Biogas plants are expected to be an effective 
solution to the manure management problem providing benefits such as energy 
saving, environmental protection and reduced CO2 emissions.  
     Anaerobic digestion of organic matter became more and more attractive in the 
recent past because new reactor designs significantly improved the reactor 
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performance [29]. Studies have shown that anaerobic treatment is a stable 
process under proper operation. But parameters such as process configuration, 
temperature, biomass, pH, nutrient, and substrate must be carefully scrutinised in 
order to make successful anaerobic treatment. Many process configurations have 
been investigated. An improvement in the efficiency of anaerobic digestion can 
be brought about by either digester design modification or advanced operating 
techniques [16].  
     On farms anaerobic digestion of animal manure is an attractive technique for 
both energy and organic fertilizer production. Literature on manure digestion is 
mainly focused on liquid manure (i.e. total solids<100 g/l) digestion. 
Nevertheless many farms, especially smaller ones, throughout the world, still 
produce solid manure. For on-farm application the digestion system should be as 
simple as possible to operate and in agreement with the on-farm practice [6]. 
     Conventional anaerobic digestion is proceeded in a single reactor where 
acidogenesis and methanogenesis both occur. Acidogenesis and methanogenesis 
are respectively proceeded in two separate reactors and each phase is in the best 
environmental conditions [16]. This phase separation can be achieved by 
maintaining a very short HRT in the acid phase reactor. The effluent from the 
first, acid-forming, phase is then used as the substrate for the methane-phase 
reactor [19]. 
     One relevant feature of the two-phase approach is that when a high solid 
containing waste is introduced to the first phase it is liquefied along with 
acidification. This translates into less liquid addition and, thus, less energy 
requirements for heating, storing and spreading for two-phase AD systems. The 
results of several studies [1, 3, 7, 10, 11, 15, 17, 21, 25]. have clearly 
demonstrated the applicability and efficiency of two-phase AD for high solids 
containing wastes. 
     The advantages of two-phase operation have been extensively documented [9, 
22]. Prospects for the phased anaerobic treatment of wastewater are promising. 
With the variety of reactor designs available and the amenability of reactors to 
modification, existing treatment systems may be replaced or upgraded as 
required to achieve increased stability, higher loading capacities and greater 
process efficiencies than are possible using single-stage systems [16]. Even 
though several aspects of two phase configuration including liquefaction might 
be very significant for efficient AD of dairy manure, its application has been 
limited to screened dairy manure only [5, 20, 26]. 
     This work aimed to evaluate the feasibility of a two-phase anaerobic 
treatment system for unscreened dairy manure. The specific objective was to 
compare the effects of different HRT and OLR for optimum acidification. 

2 Materials and methods 

Wet manure was collected from a private dairy around Gölbaşı, Ankara, and 
stored at 4°C prior to use. The composition of the dairy manure used in this 
study had the following characteristics; total solids (TS), 20.1 ±1.7%, volatile 
solids (VS), 67 ± 4.6% of TS and density, 1042 ± 0.04 g/L. The raw manure was 
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diluted with water to decrease the solids content to achieve slurry with 3.5, and 
15 g.VS/L. The relationship between chemical oxygen demand (COD) and VS of 
this manure was found as 1.04.  
     The mixed anaerobic culture used as seed was obtained from the anaerobic 
sludge digesters at the Ankara wastewater treatment plant, which has a solids 
retention time (SRT) of 14 days. The mixed anaerobic culture was concentrated 
by settling before being used as inoculum. The volatile suspended solids (VSS) 
concentration of the concentrated seed cultures used was 23930 ± 3162 mg/L.  

2.1 Experimental set-up 

In the first part of the study, the optimum retention time and organic loading rate 
(OLR) values leading to maximum acidification and VS reduction were 
investigated. Thus, nine daily-fed continuously-mixed acidogenic anaerobic 
reactors with no recycle were operated as duplicates. The experiments were 
performed in 250 mL serum bottles capped with rubber stoppers. Reactor 
operation involved daily feeding of wet dairy manure and wasting of the 
corresponding reactor contents as indicated in table 1. Solids and hydraulic 
retention times (SRT/HRT) applied to each reactor was the same since no recycle 
of the effluent was practiced. Initially, each reactor was seeded with 100 mL of 
concentrated anaerobic seed cultures. The next day dairy manure (25 mL to 
reactors 1–3, 50 mL to reactors 4–6, and 80 mL to reactors 7–9) were added to 
each reactor. Daily feeding and wasting were conducted as seen in table 1. The 
reactors were flushed with N2/CO2 gas mixture for 3 min and maintained in an 
incubator shaker at 35 ± 1ºC and 165 rpm. 

Table 1:  Daily feeding and wasting used for acidogenic reactors. 

Reactor 
SRT 

(days) 
OLR 

(g.VS/L day) 
Volume of 

feeding/wasting (ml) 
1 4 5 25 
2 4 10 25 
3 4 15 25 
4 2 5 50 
5 2 10 50 
6 2 15 50 
7 1.25 5 80 
8 1.25 10 80 
9 1.25 15 80 

 
     The one-phase conventional configuration (R1) was run as the control for the 
two-phase configuration (R2). The effective volumes of R1, R21, and R22 were 
1000, 400, and 1000 mL, respectively. The two-phase configuration contained 
R21 and R22 as the first (acidogenic) and second (methanogenic) phases.  
     The SRT/HRT values of R1, R21, R22 and the overall two-phase 
configuration were 20, 2, 8.6, and 10.6 days, respectively. The gas production in 
R1, R21 and R22 were monitored by a water replacement device was used to 
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monitor the gas production. One set of reactors were maintained at 25°C in a 
temperature-controlled water bath and the others at 35°C (±2) in a controlled 
room, and all reactors were shaken manually once daily after conducting the gas 
production measurement. Solids and hydraulic retention times (SRT/HRT) 
applied to each reactor was the same since no recycle of the effluent was 
practiced. R1, R21, and R22 were seeded with 500, 200, and 500 mL of mixed 
anaerobic seed culture. The performance of the reactors was monitored by 
measuring biogas production and soluble COD, VS, volatile fatty acid (VFA), 
and pH. 

2.2 Analytical methods 

The pH, daily gas production , total solids, volatile solids, methane percentage, 
total volatile fatty acids (TVFA) and effluent soluble COD (sCOD) were 
monitored in each reactor. pH, TS, VS analysis was performed using Standard 
Methods [2]. sCOD was measured using Hach COD vials according to the EPA 
approved digestion method [12]. Accordingly, after 2 h digestion, sCOD of 
sample were directly read using Hach 45 600-02 spectrophotometer (Hach Co. 
Loveland, Co., USA). TVFA and biogas composition were measured by gas 
chromatography as described by Yilmaz and Demirer [32]. 

3 Results and discussion 

Nine acidogenic anaerobic reactors were operated for 57 days to determine the 
optimum SRT and OLR values resulting in maximum acidification and in turn 
VS reduction. Three different OLRs (5, 10 and 15 g.VS/L.day) were applied to 
the reactors. For each OLR value, three SRTs (1.25, 2 and 4 days) were studied 
(table 1). The results are given in fig. 1 in terms of the change in the operating 
parameters (pH, TVFA, VS, cumulative gas production (CGP), methane content 
and sCOD) with respect to the combination of OLR and SRT values. Figure 1 
does not include the data points within the first “3xSRT” days (12 days for R1–
R3, 6 days for R4–R6, and 4 days for R7–R9) which are the theoretical time to 
reach to steady-state conditions in a continuous reactor. 
     As seen in fig. 1.a, pH drop was inversely proportional with the increase in 
the SRT for each OLR studied. Similarly, for each SRT studied, as the OLR 
increased, pH decreased. It was observed that the extent of pH drop increased 
with the increase in the OLR being smallest for the lowest OLR of 5 g.VS/L.day. 
Besides, it should be noted that the extent of pH drop was also affected by the 
SRT. For all the OLRs studied, the extent of pH drop for the SRT increase from 
1.25 to 2 days was greater than that observed for SRT of 2 to 4 days. It is a well 
known fact that low retention times and high loading rates lead to higher 
acidification in two-phase systems. However, as seen in fig. 1.a, average pH 
values observed in the reactors were within 6.2–6.6 and the extent of pH drops 
was lower relative to acidification of other high solid substrates such as organic 
fraction of municipal solid wastes. Han et al., [13] operated the MUSTAC 
(multi-step sequential batch two-phase anaerobic composting) process to recover 
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methane and composted material from food waste, where the pH ranged between 
6.5 and 7.0 during acidogenic fermentation step. In another research, Kübler and 
Schertler [18] demonstrated that favourable pH condition was 6.7 in the three-
phase anaerobic degradation of solid waste. Verrier et al., [27] stated that both 
mesophilic and thermophilic liquefaction and acidogenesis of vegetable solid 
wastes were found to be maximal when the pH was maintained at approximately 
6.5 in the hydrolysis reactor. The relatively high pH values observed in our study 
can be explained by the alkalinity generated by the anaerobic biodegradation of 
nitrogenous organic compounds contained in the dairy manure used in this study 
[8, 30]. The similar self-buffering capacity of the manure was also observed in 
other acidification studies [4, 5].  
 

 
 

Figure 1: pH, T-VFA, VS, CH4 percentage, biogas production, and sCOD 
values observed during the first part of the experiment. 

     As expected, the increase in the OLR resulted in the increase in the TVFA 
production (fig. 1.b). In addition, the extent of TVFA production for the SRT 
increase from 1.25 to 2 days was greater than that observed for SRT increase 
from 2 to 4 days especially for OLRs of 10 and 15 g.VS/L.day. This observation 
was also verified by the extent of pH drop (being greater for SRT increase from 
1.25 to 2 days). These TVFA production trends for all reactors coincided with 
the sCOD productions (fig. 1.c) which increased with the increased OLR and 
SRT. 
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     The effect of SRT and OLR on TVFA production was also observed for CGP 
data. As the OLR and SRT increased the CGP in the reactors increased (fig. 1.d). 
It is well known that in addition to VFAs and alcohols both H2 and CO2 are 
produced through acidification. However, GC analyses unexpectedly indicated 
that methane was produced in all of the reactors studied at varied OLRs and 
SRTs (fig. 1.e). Especially, methane percent of the biogas increased from 5 to 
15–27% when SRTs and OLRs were increased to greater values than 1.25 days 
and 5 g.VS/L.day, respectively. Although the pH conditions were close to the 
optimum operating conditions of highly organic wastes required for 
acetogenesis. The applied SRT values (1.25 to 4 days) were not favourable for 
the most sensitive anaerobic bacteria type known as methanogens. The methane 
production at such low SRTs could be explained by unintentional extended 
retention times of microorganisms in the reactors due to very high solids 
concentration and thus lack of homogeneity during daily wasting of sludge. GC 
analyses also indicated a significant amount of N2 in the biogas of all reactors 
changing from 35 to 90% (data was not shown). As expected, denitrication was 
more dominant at the higher oxidation-reduction potential at the beginning of the 
experiment. Denitrification might occur during the acidogenic phase, so as to 
achieve simultaneous VFA production and nitrate elimination, a system could be 
applied to organic carbon and nitrogen removal from the wastes [23, 29]. 
     Better hydrolysis in acidification process means higher VS reduction. 
Therefore, in addition to pH and TVFA production, VS is among the critical 
parameters in determination of the acidification extent of dairy manure known 
with its high solids content. The average VS concentrations observed in the 
reactors at varied SRT and OLR combinations were given in fig. 1.e. It was 
observed that increasing the OLR and SRT resulted in the VS accumulation. 
However, due to the continuous feeding and wasting process, such an 
accumulation may not clearly indicate the possible VS reduction in the reactors. 
Therefore, a completely stirred tank reactor (CSTR) system modeling was 
performed to observe the change in the VS content of the reactors at steady-state 
conditions. In this CSTR model, each reactor was accepted as reactors which 
were operated under feeding and wasting process without any 
destruction/degradation of the feeding. For better comparison, percent VS 
reduction in each reactor was calculated by considering the theoretical and 
experimental VS concentrations and given in table 2.  
     In the first part of the study, the effect of solids and hydraulic retention time 
(SRT/HRT), organic loading rate (OLR) on the acidification degree was 
investigated. Results indicated that SRT/HRT and OLR of 2 days and 15 
g.VS/L.day, respectively, yielded maximum acidification. 
     The one-phase conventional configuration (R1) was run as the control for the 
two-phase configuration (R2) in the second part of the study. All reactors started 
to produce gas production started in the first week of the reactor operation. Gas 
volumes were measured daily. The results are shown in fig. 2.  
     The average biogas production values of R1(35), R22(35), R1(25), R22(25) 
were obtained as 1230±180, 1000±90, 770±70, 290±50 mL/day, respectively. 
Also, a noteworthy gas production of 130 mL was seen in the mesophilic 
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Table 2:  The comparison of the reactors with selected parameters. 

Reactor VS Reduction (%) TVFA (mg/L) pH 
1 8.4 806 6.53 
2 14.5 1444 6.38 
3 19.5 2236 6.29 
4 0 399 6.54 
5 8.9 476 6.42 
6 14.8 1300 6.24 
7 0 412 6.57 
8 0 400 6.52 
9 2.3 647 6.45 
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Figure 2: Daily gas productions at 35°C and 25°C. 

acidogenic reactor (R21(35)). There were three different gas production trends in 
fig. 2. This could be explained by the heterogeneous characteristics of the 
different manure samples collected at different times. This difference resulted in 
different biodegradability yields. It is clearly seen that temperature affects the 
performance of the biogas production (fig. 2). The biogas production increased 
60% when the temperature increased from 25°C to 35°C in one-phase reactor. 
These results are very consistent with literature [24, 26].  
     The average methane content of R1(35), R22(35), R1(25), and R22(25) were 
determined as 63, 65, 63, and 43%, respectively. The methane yields of these 
reactors calculated as 221, 216, 132, 43 mL CH4/g.VS added, respectively. The 
performances of the reactors in terms of biogas yield could be easily comparable 
with literature values except R22(25) [20, 26]. 
     When the biogas production yields are compared at mesophilic temperature, 
the performance of two-phase system (216 mL CH4/g.VS) is slightly lower than 
one-phase system (221 mL CH4/g.VS) in this study. The earlier experiments with 
fattening-cattle waste had suggested that a HRT of about 20 days was required at 
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35°C for optimum methanogenic anaerobic digestion and that gas production 
was reduced significantly at 10 days of SRT [24]. Demirer and Chen [5] 
demonstrated that a conventional one-phase reactor for unscreened dairy manure 
at a HRT of 20 days produced 0.235 L biogas/g.VS. When HRT reduced to 
10 days, initially an increased was seen in gas production but a few days later an 
abrupt decline in biogas production were observed, then biogas production was 
reduced by 90%. In an another work by Wellinger [31] gas yield of straw-rich 
solid cattle waste was found as 270 and 190 mL/g.VS at HRT of 20 and 10 days, 
respectively. 
     From this above discussion, it is obvious that, the HRT is directly affecting 
the biogas production. A simple calculation could be reveal which system is 
preferable in terms of higher biogas production yield. When the HRT of two-
phase system is increased from 8.6 to 20 days, the system would produce at least 
307 mL CH4/g.VS instead of 216 mL CH4/g.VS by using the literature data for 
the same substrate [14, 31]. Thus, gas production in two-phase system (R22(35)) 
would be 42% higher than that of the one-phase system (R1(35)). Moreover, a 
small amount of produced methane from the acid phase (R21) may also be 
delivered to R22 or directly collected; it is for sure that methane generation of 
R2 will also increase. 
     Volatile solids content are often used as a measure of the biodegradability of 
the organic fraction of waste. The influent and effluent VS concentrations in the 
reactors are plotted in fig. 3a. The effluent concentrations revealed a stable trend 
especially in mesophilic reactors. This stable trend presented that a constant VS 
reduction occurred throughout the operation. The highest VS conversion was 
observed with 35–40% in R1(35) between days 10 and 100, but during days 
100–200 R2(35) had the highest VS reduction with 30–35%. A 20–30% VS 
conversion resulted a wide range in R1(25), this was mainly caused by the 
operation of this reactor didn’t show stability. The VS reduction observed in 
R2(25) and R21(35) was under 20% parallel to their gas production and they 
were very fluctuating. Although both of the systems had the same OLR relative 
to their inlet concentrations, the inlet concentration of R22 was the effluent 
concentration of R21 in which there was an average VS reduction of 17%. 
Therefore, the OLR in R22 was calculated as 2.9 g.VS/L.day. R22(35) had 10–
50% higher VS reduction than R22(25), since the performance of R22(25) was 
low. The VS reduction in R21(25) was nearly below 10% at all times. 
     As VS conversion percentages, effluent sCOD concentrations had also the 
same trend (fig. 3b). Since the biogas production was due to the degradation of 
organic compounds. VS and COD parameters could be considered in the same 
manner as the characteristics of the biodegradability. So, the reduction trends 
should be similar in terms of VS and COD. The removal of soluble COD 
concentrations decreased significantly with decreasing temperature. The sCOD 
reductions of R1(35), R2(35), R1(25) were found as 45, 40, and 55%, 
respectively. The amount of sCOD in R21(35), R21(25), and R22(25) were 
increased 65, 25, and 35%, respectively. The hydrolysis and solubilization of 
complex materials is the main mechanism in that phase, so that the amount of 
sCOD increased except R22(25). 
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Figure 3: VS, sCOD, and TVFA concentrations in the reactors. 

     The total volatile fatty acids (as HAc) for runs are displayed in fig. 3c. Acetic 
acid was the dominating VFA in reactors. The effluents of reactors contained 
mainly acetic acid, propionic and butyric acids, although higher fatty acids were 
found at lower concentrations. 
     The effluent TVFA concentrations of the first-phase reactor at mesophilic and 
low temperature operated at 2 day HRT increased to 1700 and 1300 mg/litre (as 
acetic acid), more than 100 and 60% increase over that of the influent of R21(35) 
and R21(25), respectively. The effluent VFA concentration of the second-stage 
reactor in mesophilic temperature decreased to 350 mg/litre (as acetic acid), but 
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the effluent concentration of R22(25) remained the same as expected. The TVFA 
concentration of R1(25) was much lower than R22(25), since biogas production 
in R1(25) was more than double of R22(25). This resulted more VFA 
consumption in R1(25). Acetic acid was also the predominant VFA in the 
effluent. The acidogenic efficiency could be increased with temperature, but 
mixing and pH control were not important parameters [33]. 
     Total effluent VFA value in one-phase reactor was lower than that of the two-
phase reactor at mesophilic temperature. It does not mean that more VFAs were 
converted to methane in one-phase reactor, since more VFA transferred from 
R21(35) to R22(35). Consequently, higher VFA concentration was converted to 
biogas in two-phase system. In other words the efficiency of two-phase system 
was higher than one-phase system in terms of VFA consumption. 
     Anaerobic digestion is a proven technique and at present applied to a variety 
of waste (water) streams but world wide application is still limited and a large 
potential energy source is being neglected. Even though several aspects of two-
phase AD such as increased stability, lower retention time requirements, 
liquefaction, etc. are very significant for enhanced AD of manure until now, its 
application has been limited to a few studies. 
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