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Abstract: The effect of recirculation in increasing organic loading rate (OLR) and
decreasing hydraulic retention time (HRT) in a semi-continuous two-stage anaerobic
digestion system using stirred tank reactor (CSTR) and an upflow anaerobic sludge bed
(UASB) was evaluated. Two-parallel processes were in operation for 100 days, one with
recirculation (closed system) and the other without recirculation (open system). For this
purpose, two structurally different carbohydrate-based substrates were used; starch and
cotton. The digestion of starch and cotton in the closed system resulted in production of
91% and 80% of the theoretical methane yield during the first 60 days. In contrast, in the
open system the methane yield was decreased to 82% and 56% of the theoretical value, for
starch and cotton, respectively. The OLR could successfully be increased to 4 gVS/L/day
for cotton and 10 gVS/L/day for starch. It is concluded that the recirculation supports the
microorganisms for effective hydrolysis of polyhydrocarbons in CSTR and to preserve the
nutrients in the system at higher OLRs, thereby improving the overall performance and
stability of the process.

Keywords: two-stage anaerobic digestion; recirculation effect; UASB; CSTR;
cotton; starch
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1. Introduction

Anaerobic digestion is gaining more attention nowadays, both as a solution to environmental
concerns, and also as an energy resource for today’s energy-demanding life style [1]. Biogas is a
product of anaerobic digestion processes, which is produced by a consortium of microorganisms. The
anaerobic digestion process is highly dependent on a variety of different factors such as pH,
temperature, HRT, carbon to nitrogen ratio, etc., [2—4]. However, the anaerobic degradation process is
a quite slow and sensitive process, which is highly affected by environmental stress and alterations in
operating conditions [5], that would lead to a disturbance of the balance in the microbial community.
The consequence of this imbalance is usually process failure. Stability of an anaerobic process,
especially in an industrial scale, is thus a vital factor for evaluation [6].

The microbial community in an anaerobic digestion comprise of fermentative, acetogenic and
methanogenic microorganisms. In general, methanogens have slower growth rates compared to
hydrolytic and acetogenic organisms, and are more sensitive to environmental stress. Efficient
anaerobic digestion requires the development and maintenance of a large, stable and viable population
of methane-forming microorganisms [5]. The most common reactor configuration used for anaerobic
digestion is the continuously stirred tank reactor (CSTR), in which the active biomass is constantly
removed from the system. These conventional systems usually have long retention times. This
drawback has been overcome using a high rate system, which is basically based on immobilization of
the active biomass which enables short retention times. It is because the sludge retention time is more
or less independent of the hydraulic retention time [7-9]. The microorganisms in the upflow anaerobic
sludge blanket (UASB) reactors are kept in the reactor by their ability to flocculate and produce
granules and thereby give the sludge good settling properties [9—11].

Two-stage anaerobic digestion process is considered to be effective when the rate limiting step in
the process is hydrolysis and liquefaction [12]. It consists of two separate reactors; one for
hydrolysis/acidogenesis and one for acetogenesis/methanogenesis. This physical separation makes it
possible to overcome the problem of the differences in the optimum conditions of the microorganisms’
activity and their growth kinetics [12] by optimizing conditions that are favorable to the growth of
each group of microorganisms in each reactor, such as short HRT and low pH for acid formers, which
is inhibitory for methanogens [13]. This type of phase separation would increase the stability of the
process, which is not possible in a conventional anaerobic process, where these two groups of
microorganisms are kept together in a single phase in a delicate balance [14]. Ever since the phase
separation was introduced into anaerobic digestion technology in 1970s, a significant number of papers
and reports have been published on the benefits of treating a variety of wastes at mesophilic as well as
thermophilic conditions such as treating fruits and vegetables [15,16], urban wastewaters [17],
industrial wastes [18], grass [19], coffee pulp juice [20], food wastes [21], cane-molasses alcohol
stillage [22], spent tea leaves [23], dairy wastewater [24-27], olive mill oil [28], and abattoir
wastes [29]. However, two-stage digestion processes have been used for treatment of wastes with very
low solid content [30—33]. The drawback of UASB is that this technology is not able to handle high
solid content [34]. Apart from this, data concerning the optimization of operating conditions, operation
and performance of two-phase configuration are inadequate as well. There is a lack of investigations
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on how effluent recycling affects the two stage process with high solid content and high organic
loading rate [35].

This paper investigates the effect of the effluent recirculation in a high rate semi-continuous two
stage anaerobic process using carbohydrate-based starch and cotton as substrate with high solid content
at various organic loading rates and hydraulic retention times.

2. Materials and Methods
2.1. Materials and Inoculums

The substrates used in this study were pure cotton and starch provided from local shops in Boras
(Sweden). The cotton was ground into fine materials before using them. The volatile solid of the cotton
and starch was 96% and 75%, respectively. The COD of the both materials were 1.19 kgCOD/kg of
the materials [36]. The inoculum used in the CSTR bioreactors was obtained from a 3000-m’ digester
treating municipal solid waste and working under thermophilic (55 °C) condition (Bords Energy &
Environment AB, Boras, Sweden). The UASB reactors were seeded using granulated anaerobic
sludge, which was provided from a pilot scale UASB reactor treating municipal wastewater at
Hammarby Sjostad (Stockholm, Sweden) operating at 37 °C.

2.2. Experimental Set-Up
2.2.1. Reactors

The CSTR and UASB reactors were made of polymethylmethacrylate (PMMA), and used in
different configurations. The CSTR had a working volume of 3 L with an inner diameter of 18.5 cm
and a height of 18.5 cm, while the working volume of the UASB was 2.25 L with an internal diameter
of 6.4 cm and a height of 70 cm. Temperature of the reactors was sustained at 55 °C for CSTR and
34 °C for UASB by a thermal water-bath with water recirculation through the reactor’s water jacket
during the whole digestion process. Both reactors were equipped with a feed inlet, a liquid sampling
point, an effluent outlet, and a gas line to the gas measuring system which contained a gas sampling
port. The CSTR had an impeller for continuous mixing. The inlet from the bottom of the UASB reactor
was equipped with a net trap to prevent the large particles away from entering the reactor (Figure 1).

2.2.2. Reactors Seeding and Start Up

The UASB reactors were seeded with 1.3 L of granular anaerobic sludge and the remaining volume
of the reactors were filled with water. The inoculum for the CSTR was incubated at 55 °C for three
days in order to get stabilized before use, and remove the dissolved methane. The CSTR’s were filled
with 2.5 L of inoculum and 0.5 L of nutrient solution in which the C:N:P:S ratio was adjusted at
500:20:5:3 at the beginning of the experiment. The nutrient concentration for 1 g cellulose/L contained
basal medium with inorganic macro nutrient (in mg/L): NH4Cl (76.4), KH,PO,4 (5.18), MgSO4-7H,0
(0.27), CaCl,-2H,0 (10), and 1 mL/L of trace nutrients according to [37].
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Figure 1. Schematic figure of the semi-continuous two-stage system
recirculation (Closed system), and (B) without recirculation (Open system).
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The arrangement of the two stage closed system and the two stage open system is presented
schematically in Figure 1. The configuration of the closed system and open system continuous process
was quite similar. The difference was that in the closed system the effluent of the UASB reactor was
continuously recirculated back to the CSTR, while the open system did not have any effluent
recirculation from UASB [38]. The recirculation rate of the liquid in the closed system was 91% + 3%.
The recirculation rate of the liquid is based on the HRT in each OLR, which is controlled by the flow
rate in the pump. In order to separate particulate matter from the CSTR effluent, the outlet of the
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CSTR was equipped with a sedimentation tank consisting of a 100 mL glass bottle, to separate and
settle the large particles before pumping the liquid to the UASB. The feeding to both systems was once
and twice a day depending on the OLR.

2.2.4. Experimental Procedure

The semi-continuous digestions (open and closed) were carried out by feeding the bioreactors with
OLRs increasing from 2 up to 20 gVS/L/day in several steps. Once a day, depending on the OLR, the
substrate was fed into the CSTR. The HRT of UASB was controlled by adjusting the speed of the
pump prior to each step. Each OLR was maintained for more than three HRTs in the CSTR in order to
achieve a steady state condition. The steady state condition in each OLR refers to the constant loading
rate and gas production, which was achieved during three HRT periods. The process conditions;
including the OLR and their respective HRT, flow rate and duration are summarized in Table 1.

During the experiments, no solids/biomass was withdrawn from the reactors, except for the sample
analyses. The volume of biogas produced was recorded continuously by Automatic Methane Potential
Testing System (AMPTS, Bioprocess Control AB, Lund, Sweden) and gas chromatography. The liquid
and gas sampling were performed twice a week during the initial state of the process and increased to
every day from stage 46 due to short retention times. The liquid samples were kept at —20 °C until the
analyses were performed.

Table 1. The process conditions including the OLR and their respective HRT, flow rate
and duration in each stage of the experimental period.

Stage OLR (gVS/L/day)  HRT in CSTR (day) HRT in UASB (day) Duration (day)
1 2.0 10.0 7.50 30.0
2 2.7 7.5 5.62 30.0
3 4.0 5.0 3.75 15.0
4 8.0 2.5 1.88 8.0
5 10 2.0 1.50 6.0
6 20 1.0 0.75 6.0

2.2.5. Analytical Methods

The production of biogas was recorded using AMPTS, operating based on water displacement. It
was equipped with a computer to record the biogas volume from each reactor. The composition of the
biogas produced during anaerobic digestion was measured using a gas chromatograph (Auto System
Perkin Elmer, Waltham, MA, USA), equipped with a packed column (Perkin Elmer, 6’ x 1.8”’OD,
80/100 Mesh) and a thermal conductivity detector (Perkin Elmer) with an inject temperature of 150 °C,
detection temperature of 200 °C, and oven temperature of 75 °C. The carrier gas used was
nitrogen-operated at a maintained pressure of 0.70 bar and a flow rate of 40 mL/min at 60 °C. A
250 pL pressure-tight gas syringe (VICI, Precision Sampling Inc., Baton Rouge, LA, USA) was used
for the gas sampling.

Liquid samples were analyzed for pH, soluble chemical oxygen demand (COD), and VFA
concentrations after centrifugation at 17,000 g for 10 min and subsequent filtration through a 0.2-pm
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filter to remove solid particles. The COD was measured using a HACH apparatus equipped with a
UV-Vis Spectrophotometer (HACH, Diisseldorf, Germany), with Digestion Solution COD vials
(operating range 015,000 mg COD/L). The VFA concentrations, including acetic acid, propionic acid,
butyric acid, isobutyric acid, valeric acid and isovaleric acid, were analyzed by HPLC (Waters 2695,
Waters Corporation, Milford, MA, USA), equipped with an ion-exchange column (Aminex HPX-87H
Bio-Rad, Hercules, CA, USA), working at 60 °C using 5 mM sulfuric acid as eluent with a flow of
0.6 mL/min, and a UV detector (Waters 2414, Milford, MA, USA). The macronutrients, including
ammonium and potassium were analyzed using an Ion Chromatography (Metrohm, Herisau,
Switzerland) working with a cation column at an eluent flow rate of 1 mL/min, pressure of 7-9 MPa,
and temperature of 3540 °C. The eluent solution was composed of 4 mM/L tartaric acid and
0.75 mM/L dipicolinic acid in water. Before injection, the samples were diluted with eluent, the pH
was adjusted to 2—-3, were then centrifuged at 17,000 g for 4 min and filtered through a 0.45 um filter.

3. Results

Cellulose and starch were used as a substrate in a semi-continuous two-stage anaerobic digestion
process for biogas production. The substrates were digested separately, in two CSTRs with an OLR of
2 gVS/L/day, which was then increased stepwise up to 20 gVS/L/day for starch and 4 gVS/L/day for
cotton. The HRT was decreased in each step, and the reactors were continuously operated for three
consecutive HRTs to obtain steady state condition. The total methane with its percentage share of
methane production in CSTR and UASB produced per gram VS per day for the operational period of
90 days of digestion is presented in Figure 2.

Figure 2. Total methane production in open system for cotton and starch with --- % share
in CSTR and - - - % share in UASB.
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3.1. Gas Production
3.1.1. Biogas Production in Open System (without Effluent Recirculation)

During the startup for cotton, the maximum methane production reached 363 gVS/L/day at day 12,
and then kept stable for 8 days before it started to decrease to 150 mL/gVS/d. Even after the increase
in OLR up to 2.7 gVS/L/day, the methane production remained stable at 150 mL/gVS/d for 10 days.
However, after day 40, the gas production decreased to less than 100 mL/gVS/d. An additional
increase in OLR to 4 gVS/L/day produced only 84 mL/gVS/d until day 75. Further increase in OLR to
8 gVS/L/day resulted in reactor failure, and the experiment was stopped.

On the other hand for starch, the process could be continued up until OLR 20 gVS/L/day for
95 days, while adding 2 gVS/L/day OLR, 340 mL/gVS/d of methane was produced. However, further
increase in OLR to 2.7 gVS/L/day resulted in decreased biogas production and just 45% of the
theoretical methane yield was achieved. A significant shift in the share of methane production from
CSTR to UASB could be observed at OLR 2.7 gVS/L/day. During the OLRs 4-10 gVS/L/day, the
theoretical methane yield was constant around 55%—60%. Furthermore, the accumulation of VFA in
CSTR was increased to more than 8 g/L during the same period (Figure 3C). In addition, the methane
production decreased from 230 mL/gVS/d to 128 mL/gVS/d when OLR was increased from
10 to 20 gVS/L/day. Starch had a more stable process during the first stage compared to cotton, which
could not reach steady state conditions even at low OLRs.

Figure 3. Volatile fatty acid concentration during the experimental period. e- Starch;
¢- Cotton. (A) CSTR closed system; (B) UASB closed system; (C) CSTR open system;
(D) UASB open system.
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3.1.2. Biogas Production in Closed System (with Effluent Recirculation)

The two-stage process in closed system was more stable compared to the open system. The
accumulated methane volume produced per gram VS per day for cotton and starch in the closed system
are presented in Figure 4. The percentage share of methane production in CSTR and UASB are also
marked in the same figure.

For cotton, the OLR could be increased from 2 to 2.7 gVS/L/day, and it resulted in a theoretical
methane yield of 85% and 76%, respectively. Further increase of OLR to 4 g VS/L/d caused a rapid
decline in the total gas production and the process was stopped.

In the case of starch, the theoretical methane yield was higher than 90% in the OLRs of 2 and
2.7 gVS/L/day. Additional decrease in HRT and increase in OLR up to 10 gVS/L/day stepwise
resulted in a theoretical methane yield of 50%—60%. The transition of the major share of methane
production from CSTR to UASB was observed at OLR 8 gVS/L/day. Though, the methane yield
between the OLR 4 to 10 gVS/L/day, the closed system possessed an overall stability. However, when
the OLR increased to 20 gVS/L/day, the gas production declined rapidly and the process was stopped.

Figure 4. Total methane production in closed system for cotton and starch with --- % share
in CSTR and - - - % share in UASB.
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3.2. COD and Its Removal

The COD was analyzed from the influent and effluent of the UASB during the operation. The
UASB digesters performance was examined using COD removal efficiency, calculated by dividing the
differences between COD inlet and outlet of UASB by the COD inlet to UASB. The results are
presented in Table 2. Equation (1) shows the calculation of the COD removal efficiency:

COD, —COD,,
coD

in

COD removal efficiency =

%100 (1)

3.2.1. Open System

The COD removal efficiency was greater than 95% throughout the process for starch. The COD
was increased from 4300 to 27,700 mg/L in the CSTR fed with starch by increasing the OLR from
2 to 10 gVS/L/day. Furthermore, when the OLR was increased further to 20 g VS/L/d for starch, the
COD was decreased to approximately 24,000 mg/L. The COD in the UASB on the other hand, kept
stable throughout the entire process between 3000 and 4000 mg/L.

Table 2. The ratio of methane to carbon dioxide, concentration of COD and the COD
removal efficiency for cotton and starch in UASB and CSTR during different organic
loading rates.

@ COD (mg/L) COD (mg/L)
_% OLR Open system CO]? removal Closed system CO]? removal
Z (gVS/L/day) CSTR UASB efficiency (%) CSTR UASB efficiency (%)
g 2 3,259 + 638 1,194 £ 95 619+163 4,204 +742 1,958 + 791 492+21.6
= 2.7 3,699 + 844 229+ 82 933+35 2,651 £572 1,525+£172 39.4+16.5
© 4 3,241+ 545 196 + 33 939+1.8 2,571 £204 1,476 + 357 45.6+159
2 4324+1345 1,308 £335 69.7+14.2 5,041 £430 3273+674 350+12.8
2.7 9,034+ 1,127 3174143 96.49+1.2 4,463 £ 626 3,353+£374 24.8+16.2
§ 19,500 +2,493 350+ 165 982+2.1 4,396 £ 565 3,051 £494 305+7.8
% 8 21,450+2,185 708 £ 186 96.6 £2.7 17,865 +2,767 3,091 +£423 82.69+3.8
10 27,716 £ 1,606 876 +£270 96.8+1.3 25,833 +3,333 3,995+ 873 84.5+4.2
20 23,300 + 2,347 898 + 98 96.2+2.5 12,516 £2,171 3,256 + 658 73.9+9.5

In contrast, for cotton in open system, the COD removal efficiency was as high as 93%.
Interestingly, in the open system the increase in OLR from 2 to 4 gVS/L/day, did not significantly
change the COD of the CSTR fed with cotton which was stable around 3500 mg/L. The COD
concentration in the UASB on the other hand, decreased from 1194 mg/L to 196 mg/L during the

same period.
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3.2.2. Closed System

In the closed system digesting starch, the COD removal efficiency of UASB reactor performance of
starch increased from 35% to 84.5% with increasing in OLR from 2 to 10 g VS/L/d and decreasing in
HRT from 7.5 to 1.5 days. A further increase in OLR up to 20 gVS/L/day decreased the COD removal
efficiency of starch in UASB with more than 10%. The effluent COD out of UASB of starch during
the entire process in closed system was stable, even though the OLR increased and the HRT decreased
compared to the open system, which were more stable between 3000 and 4000 mg/L. A decreasing
trend was observed for the COD removal efficiency in cotton in closed system, in which a reduction
from 49.2% to 45.6% was occurred by increasing the OLR from 2 to 4 gVS/L/day.

3.3. Effect of Nutrients

The effects of macronutrients, including ammonium and potassium were studied and the results of
ammonium and potassium concentration during the entire experimental period are illustrated in
Figures 5 and 6.

A decreasing trend of nutrient concentration was observed for cotton and starch in both the open
and closed systems. In the closed system, the final ammonium concentration in CSTR and UASB was
four times higher than in the open system at OLR of 8 to 10 gVS/L/day for both the substrates. An
interesting observation was obtained in OLR between 10 and 20 gVS/L/day. The concentration of
ammonium show a sudden increase in the CSTR fed with starch in the closed system from 300 mg/L
to more than 1300 mg/L (Figure 5A).

Figure 5. The ammonium concentration during the experimental period. e- Starch;
¢- Cotton. (A) CSTR closed system; (B) UASB closed system; (C) CSTR open system;

(D) UASB open system.
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The same trend could also be observed in the potassium concentration for both starch and cotton as
the potassium concentration declined in CSTR in both systems. However, in the closed system, the
concentration was maintained between 100 and 500 mg/L (Figures 6A,C). On the other hand, in open
system the concentration of potassium decreased to less 100 mg/L in both CSTR and UASB
(Figure 6B,D).

Figure 6. The potassium concentration during the experimental period.e- Starch;
¢- Cotton. (A) CSTR closed system; (B) UASB closed system; (C) CSTR open system;

(D) UASB open system.
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3.4. Ratio of Methane to Carbon Dioxide

Anaerobic digestion of the carbohydrate in starch and cotton results in 50% methane
(CH4/CO; = 1 mol/mol) in the biogas formed. However, partial dissolution of carbon dioxide in water
can lead to higher content of methane in the formed biogas. On the other hand, if the earlier steps in
the digestion process (e.g., hydrolysis and acidogenesis) occur and methanogenic bacteria fail to
produce methane, this CH4/CO, ratio approaches to zero, since CO; is still produced.

The ratio of methane to carbon dioxide in each stage of the experiments in this work is illustrated in
Table 3. The increase in OLR had a significant effect on the methane to carbon dioxide ratio for both
open and closed systems in CSTR.

In the CSTR open system for starch, the ratio CH4/CO; ratio decreased from 2 to almost 0.1 at OLR
10 gVS/L/day. During the same period, the closed system could maintain a high ratio around 0.8. In
UASB, in contrast the ratio was stable throughout the process for both systems. However, while
adding 20 gVS/L/day OLR, the ratio was decreased for starch in the open system.
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The CH4/CO; ratio for cotton in CSTR was very stable in both open and closed system and did not
show any significant change as the OLR increased from 2 to 4 gVS/L/day, being stable around 4.9.
The CH4/CO; ratio for cotton in UASB was somewhat lower than in CSTR for both systems, being
around 2, and remained stable and during the entire process.

Table 3. The Ratio of methane to carbon dioxide, in open and closed system, for cotton
and starch in UASB and CSTR.

Ratio of methane to carbon dioxide

Substrate OLR (gVS/L/day) Open system Closed system
CSTR UASB CSTR UASB
2 1.8+0.2 44+0.8 1.9+0.2 44+04
Cotton 2.7 1.7+0.1 49=+0.6 2.0+0.1 42+0.2
4 2.0+£0.0 49+0.2 2.1+£0.0 4.1+0.1
2 20+1.0 4.0+0.5 2.1+0.2 4.1+0.6
2.7 1.3+£0.3 4.5+0.6 2.2+0.0 34402
4 1.0+0.1 49+0.2 1.8+0.5 34+0.1
Starch
8 0.3+0.2 44+0.1 0.9+0.1 42+03
10 0.1+£0.0 42+0.2 0.8+0.1 47+04
20 0.07 £0.04 35+0.8 0.7+0.1 43+0.8

4. Discussion

The results of this comparative study suggest that the recirculation in the closed system increases
the stability and the performance of a two stage system, using substrates at high OLRs. A higher
methane production was also achieved in the closed system comparing to open system for both
substrates. The major share of methane production seems also to be higher in CSTR at lower OLRs
rather than UASB for both processes and substrates. However, an interesting transition pattern is
observed in both systems as the major share of methane production is shifted from CSTR to UASB
Figures 2 and 3. This shift, however appear to occur at earlier stages in the open system comparing to
the closed system.

During OLR 2-2.7 gVS/L/day in the closed system the major share of the methane, produced in the
UASB was around 90% in CSTR for both cotton and starch. However, the increase in OLR to
4 gVS/L/day decreased the total methane yield and the transition of the major share of methane
production from CSTR to UASB begins. Additional increase of OLR to 8 gVS/L/day in closed system
digesting starch shifted the major share of methane produced shifted from CSTR to UASB and it
continued to increase with increasing OLR.

In the open system this transition was also observed, but at lower OLR (2.7 gVS/L/day) for both
substrates. The decrease in methane yield, which is the starting point of the transition, could be
explained by the accumulation of VFA in CSTR from less than 1 g/L to more than 8 g/L. The pH was
more stable in the closed system, which could be due to the effect of effluent recirculation from UASB
with pH around 8 to the CSTR and thereby stabilizing and keeping a stable pH over 6 in CSTR (data
not shown). Furthermore, the VFA produced in the CSTR was converted to biogas in the
UASB without accumulating in the first phase and reaching inhibitory levels for the acidogenesis
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process, which consequently contributes to the stability of the closed system in comparison to the open
system. This transition on the other hand, was never reached in the closed system digesting cotton. A
combination of the composition and efficient hydrolysis and the conversion of the intermediates to
methane in the CSTR due to the effect of recirculation causing higher and stable pH can be the
possible explanation [39].

The COD removal efficiency and the COD concentration in the CSTR were also affected by
recirculation as it started to increase during the same time as the transition occurs. The COD
concentration in the CSTR is highly dependent on the hydrolysis of the organic material to VFA and
follows more or less the same trend. The COD removal efficiency was higher, around 95%, in the open
system comparing to closed system which started for starch at the OLR 8 gVS/L/day to almost 85%.
However the COD efficiency in closed system could also be increased at higher OLR comparing to
open system. This also shows that UASB is more efficient at higher COD concentrations and could
handle high OLRs.

In contrast, the concentration of COD in the UASB decreased as the OLR increased in the open
system compared to closed system. The COD concentration in the closed system stayed stable between
1500 and 2000 mg/L for cotton and around 3000 mg/L for starch. It could be because of some
solubilized material kept recirculating in the system, and thereby keeping the COD both higher and
stable in closed system for both substrates, without having any considerable effects on the process.
Furthermore, when the OLR was increased further to 20 g VS/L/d for starch in open system, the COD
concentration in CSTR was decreased to approximately 1000 mg/L. This observation indicates that the
capacity of the CSTR to hydrolyze cotton and starch is limited. This capacity was obtained as less than
4 gVS/L/day for cotton, and 10-20 gVS/L/day for starch.

The ratio of methane to carbon dioxide was increased in UASB and decreased in CSTR in the
closed system. The increased CH4/CO; ratio in the UASB could be due to dissolution of some part of
the produced carbon dioxide in the UASB and the capacity of the media in the UASB to capture and
further convert the carbon dioxide to methane by methanogens [39]. In the CSTR open system for
starch, the CH4/CO; ratio decreased from 2 to almost 0.1 at OLR 10 gVS/L/day. During the same
period, the closed system could maintain a high ratio around 0.8. As the pH falls in the CSTR, the
more CO; is dissolved to compensate as buffering system. A too strong acidification, consumes the
entire CO, produced to keep the pH stable, which consequently inhibits the methanogens [40], and
hence, lower CH4/CO; ratio in the CSTR open system comparing to the CSTR closed system. This is
an indication that recirculation could be able to support the microorganisms for effective hydrolysis in
CSTR. In UASB, the ratio was stable throughout the process for both systems.

In the closed system, the final ammonium concentration in CSTR and UASB was four times higher
than in the open system for both starch and cotton. The closed system supported the maintenance of
the nutrients in the system, compared to the open system, where fresh nutrients were added every day.
Since no liquid was removed or added to the system, the nutrients kept recycling in a closed cycle in
the process, leading to negligible loss of nutrients compared to the open system. An interesting
observation was obtained in OLR between 10 and 20 gVS/L/day in CSTR closed system. The
concentration of ammonium show a sudden increase at OLR 10-20 gVS/L/day in CSTR closed system
fed with starch (Figure 5A). This could be explained by the fact that shorter HRT, which is
accomplished by the increase in flow rate, causes high upflow velocities and thereby turbulence in the
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UASB. The consequence of this high flow rate is granule disintegration as the effect of shearing. The
resulting fragments are then washed out of the reactor [41] and are migrated to the CSTR by
recirculation. The subsequent degradation of the biomass and the release of the proteins into the
medium in CSTR cause an increase in the ammonium concentration [42].

5. Conclusions

The effect of recirculation in a semi-continuous two-stage anaerobic digestion combining CSTR
and UASB was studied using starch and cotton as substrate. The comparison of the closed system with
open system revealed that higher theoretical yield of methane could be achieved in the closed system
compared to the open system. Furthermore, it can be concluded that the recirculation could support the
hydrolysis step as well as avoiding nutrient loss at higher OLR and thus improving the performance
and the stability of the process a great deal.
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