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Abstract: Sulfate presence is of great importance for anaerobic digestion as its addition can control the
microbial community. In this study, the effect of sulfuric acid addition on the performance of an UASB reactor
fed with hydrolyzed starch was investigated. Total Organic Carbon (TOC), Fe, SO4+2 removal and the methane
production were monitored under various Chemical Oxygen Demand (COD) to SOs? ratios, Hydraulic
Retention Times (HRTs) and Organic Loading Rates (OLRs). When HRT was 16 hours and OLR equal to 2 g
COD/Luass-day the methane production was 0.24 L CHs/Luass-day. After the sulfuric acid addition, TOC
removal reached 95%. At HRT, OLR, and COD/ SOx«? ratio equal to 16 hours, 2 g COD/ Luass-d and 3.72
respectively, the methane production was 0.267 L CHas/Luass-day. When the OLR was increased to 5.94 g
COD/Luass-day and COD/SOx4?2 ratio was equal to 12.5, the methane production was 3 times higher (0.84 L
CHa/Luass-day) with a methane content in the produced biogas greater than 70% due to the increased amount
of Methanosaeta sp. and direct interspecies electron transfer. The sulfate addition led to an increased relative
abundance of Desulfovibrio sp. accounting for 9.9% and an iron accumulation exceeding 98.0%. This study
indicates that appropriate sulfate concentrations in the feed in combination with the presence of iron in the
UASB lead to enhanced methane yields.

Keywords: anaerobic digestion; UASB reactor; COD/SOs? ratio; Methane production; Microbial
diversity; sulfate reduction; sulfate-rich substrate

1. Introduction

High- strength wastewaters with high concentrations of sulfate, organic compounds and heavy
metals produced during industrial processes, are usually treated via anaerobic digestion. This
bioprocess effectively reduces the pollutant load in the wastewater, while simultaneously producing
biomethane which is a sustainable alternative energy source. Wastewater generated from potato
processing industries contains high amount of starch which has high viscosity and low solubility [1]
and for this reason is considered a highly polluted wastewater [2]. Due to its physicochemical
characteristics, starch can cause operational harms in industry’s wastewater treatment facilities, and
thus, it is separated from the wastewater influent stream. After its extraction, this by-product can by
hydrolysed and the produced hydrolysates can be effectively treated under anaerobic conditions for
energy production in the form of methane [3].

Upflow anaerobic sludge blanket (UASB) bioreactor is one of the most widely used processes in
food processing wastewaters with high content of carbohydrates [4] due to its low cost, high organic
removal, and recovery of methane which can be used as gaseous biofuel. One of the key factors in
the effective operation of upflow anaerobic treatment systems is the generation of sludge in granular
form. The latter can efficiently degrade various types of wastewater with high organic loads [5]. Each
of these granules consists of many different types of anaerobic bacteria which operate symbiotically
and in layers for the successful degradation of substrate. Due to the granular form, bacteria are highly
tolerant to the toxic hydrogen sulfide [6].

The last years many studies have focused on UASB systems treating starch wastewater [5-7]. He
et al. 2019 [8] assessed the energy and economic benefits of three anaerobic bioreactors at various
starchy influent COD concentrations. The authors estimated that the annual economic balance for the
UASB reactor was achieved when the influent COD was 12,984 mg/L. With the utilization of biogas
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as source of heat and a COD influent concentration higher than 15 g/L, the system was able to achieve
annual energy and economic surpluses. In addition, Lu et al. 2015 [9] observed that when a lab-scale
UASB reactor supplied with starch as the sole carbon source at a COD concentration of 1000 mg/L, a
total COD removal of 98.7% was achieved with a methane yield of 0.33 L CHs/g CODremoved applying
a hydraulic retention time (HRT) of 6 hours and an organic loading rate (OLR) of 4 g COD/L-day.

Although anaerobic digestion has been widespread in recent years in the utilization of industrial
wastewaters, there are several challenges that need to be addressed. The content of inhibitors in the
substrate, as well as the organic loading rate applied to the anaerobic bioreactor could affect the
methane production [10]. According to Lu et al. [9] the OLR for treating low strength starch
wastewater should not exceed 8.0 g COD/L-d, with a HRT of over 3 hours. Feeding with excessive
starch at a high OLR resulted in a decrease in mass transfer rate and a negative impact on the specific
methanogenesis activity of granular sludge. Consequently, the performance of UASB reactor was
compromised in terms of both COD removal and biogas production. In addition, Musa et al. 2019
[11] who studied the treatment of high-strength cattle slaughterhouse wastewater in UASB reactors,
noticed that the optimum OLR for organic removal efficiency >90% was 5g COD/L-day. They also
pointed out that at the highest OLR of 16 g/L-d, an HRT of more than 2 days could be proved adequate
to achieve a 90% degradation efficiency of the waste. The methane production is also affected by the
physicochemical properties of wastewater such as carbohydrates and fats content, C/N ratio and
particle size [12]. Recently, efforts have been directed towards enhancing biogas production by
adjusting nutrient content through the use of trace elements (e.g., Fe, Zn, Cu) and employing
additives (e.g., biochar) that promote direct interspecies electron transfer (DIET) thereby improving
digestibility through increased adsorption potential [13,14].

Wastewater generated from potato processing industries except for high organic load, usually
has a high sulfate content which inhibits the production of methane during anaerobic treatment since
the presence of sulfate affects the microbial diversity of the reactor [15]. Sulfate-reducing bacteria
(SRB) that dominate in environments with high sulfate concentration, use sulfate as electron acceptor
reducing sulfate into sulfide which is toxic for anaerobic microorganisms [16]. In addition, SRB
compete with methanogens for energy sources such as acetate, starch, and Hz and in high sulfate
environments SRB outcompete methanogens since they can capture electrons more easily. Hence, the
COD/SOx«? ratio affects the microbial community, and consequently, the performance of the anaerobic
digester [17]. According to stoichiometry, the COD/SOs2ratio must be more than 0.67 for a sufficient
sulfate reduction. In addition, Choi et al. [18], observed that SRB and methanogens are very
competitive when the COD/SOx4? ratio is below 2.7. They suggest a COD/SOx+?2 ratio of more than 2.0
for a successful anaerobic treatment.

The presence of sulfate in anaerobic digestion has gained significant interest over the last years.
Using the Scopus database, we conducted a search with the keywords (“reactor”) AND (“sulfur” OR
“sulfate”) AND (“anaerobic digestion”), resulting in 550 publications since 2000. Notably, there has
been an upward trend in research on sulfur presence in anaerobic reactors, with 36% of the total
publications emerging in the last 5 years. A graph illustrating the number of publications throughout
the last 23 years is available in the SI. Since, the presence of high sulfur content in organic wastes can
result in the production of hydrogen sulfide which is toxic during anaerobic digestion, significant
research efforts have been dedicated to addressing the removal of H2S emissions [19-23]. Although
the vast majority of research has focused on the reduction of sulfate during anaerobic digestion, there
are few studies examining the biomethane production from high sulfate content-wastewater. The
effectiveness of the COD/SO42 ratio on methane production depends on many factors such as, among
others, the HRT, the OLR and the presence of metals in the influent. Many anaerobic digestion studies
using different substrates have reported that a COD/SOs2 ratio lower than 12 can inhibit the
production of methane [24-27]. Lu et al. 2016 [28] examined the treatment of a starchy wastewater in
a UASB reactor under gradually decreasing COD/SO«2 ratio. When the COD/SOx«?2 ratio was lower
than 2, apart from COD removal which was kept constant, sulfate removal and methane production
were decreased significantly at values lower than 21.2% and 0.26 + 0.37 L/L-day respectively.
However, when the ratio was more than 2, biogas production was stable near to 1.15 L/Luass-day
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with a total COD removal of 73.5-80.3%. Moreover, Hu et al. 2015 [29] used a synthetic wastewater
containing acetate, ethanol, and sulfate as substrate in a UASB reactor. The authors found out that
when the COD/SOx«?2 ratio decreased from 20.0 to 0.5, the conversion of CODinfluent to CHs, dropped
from 80.5% to 54.4%. Furthermore, Liu et al. 2015 [30] detected that zero-valent iron can enhance the
methane production and sulfate reduction in anaerobic granular sludge reactors only when the
COD/SOx«? ratio is 2- 4.5.

This study aims to improve the methane production and the overall performance of a UASB
reactor by adding sulfate in the form of sulfuric acid to the influent. The latter consists of starch
hydrolysates. Apart from sulfate, the influent was also enriched with iron ions. The UASB
performance was monitored under various conditions examining different OLRs, HRTs, sulfate and
iron additions. Moreover, 165 rRNA gene analysis was conducted to examine the microbial
community changes before and after the sulfate addition. Our work demonstrates that appropriate
sulfate concentrations in the feed, along with the presence of iron, can lead to enhanced methane
yields in the UASB reactor. Monitoring the UASB reactor under various feeding conditions can lead
to the identification of suitable conditions where not only the pollutant load of the waste is reduced,
but also biogas rich in methane is generated. This biogas can be utilized as an alternative form of
energy, aiming for economically sustainable and environmentally friendly industrial waste
management.

2. Materials and Methods

2.1. Materials

Ten (10) kg of industrial starch were taken from Tasty Foods SA, a potato processing plant
located in Athens (Greece) and they were transferred to the Organic Chemical Technology
Laboratory at NTUA and stored at 4°C. Molasses was purchased from a local market in Athens and
stored at room temperature. FeSO4+.7H>O and H20250% (w/w) that were used for feed pretreatment
are described as ACS reagent, 299.0% and hydrogen peroxide solution 50 wt. % in H2O stabilized,
respectively. Urea that was added to the substrate is characterized as: powder, BioReagent, for
molecular biology, suitable for cell culture. Sulfuric acid that was used as source of sulfates is
described as ACS reagent, 95.0-98.0%. Table 1 shows the characteristics of industrial starch as
received from the industry.

Table 1. Characteristics of industial starch.

COD!(mg/g) TOC!(mg/g) Dry Weight (% wt) VS (% wt) N1 (% wt) P1 (% wt)
0.988+ 0.034 0.441 + 0.024 67.066 + 0.287 98.872+0.411 0.170+0.019 0.180 +0.027
Dry basis.

2.2. Feed pretreatment

The starch was hydrolyzed in order to be biodegradable and suitable for methane production as
described previously [3]. Briefly, for its chemical oxidation, 31 g dry weight of starch was suspended
in 1L of tap water, Fe504.7H20 and H20250% (w/w) were added at concentrations 1 g/L and 0.52 g/L
respectively and the suspension was set to 70°C under stirring for 3 hours.

After the hydrolysis of starch and prior to feeding to the anaerobic digester, the hydrolysates
solution was diluted with deionized water for adjusting the Organic Loading Rate (OLR) at the
desirable levels. Furthermore, urea, and molasses were also added at concentrations varying from
0.08 to 0.28 g/L, and 0.10 to 0.25 g/L respectively, as source of nitrogen and minerals.

2.3. Operational conditions of the UASB reactor

A cylindrical lab-scale UASB reactor was used for conducting the anaerobic digestion
experiments as illustrated in Figure 1. The reactor was manufactured with Plexiglas, with a total and
working volume of 11.3 L and 10.2 L, respectively, an internal diameter of 12 cm and a height of 1 m.

do0i:10.20944/preprints202309.1629.v1
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The UASB system was also comprised with a recirculation smaller cylindrical tank (total and working
volume of 3.28 L and 2.26 L) where all the necessary electrodes (pH, ORP and level electrodes), as
well as a thermocouple and a 200 W electric heating device were mounted. The entire system was
automated by connecting all electrical sensors to a programmable logic controller (PLC). As biogas is
produced, it is accumulated at the headspace of the two vessels and the biogas line pressure is
continuously increased. At some point a low pressure switch activates a peristaltic pump, releasing
the biogas pressure to a minimum point. The volume of biogas produced per day is measured using
the peristaltic pump and a magnetic proximity sensor and it is recorded in the PLC. Air-sampling
bags were used for the collection of biogas and the gas composition was examined automatically
every 8 hours by using a biogas analyzer (Gas analyzer, GFM 406 series).

As inoculum, 3 L of anaerobic granular sludge derived from a full-scale UASB reactor of the
potato processing industry, where the starch was supplied, was used. In order to acclimate the
inoculum to the operational conditions, the reactor was initially operated for three days using only
water as substrate. There was no need for a longer startup period since the sludge was already
activated and acclimated to potato wastewaters.

An upflow velocity of 1 m/h was applied and kept constant during the whole period, in order
to avoid the sludge precipitation and achieve better contact between anaerobic bacteria and influent.

Gas

I
|
I
I
:
I
! Analyzer

Figure 1. Lab-scale UASB reactor performance testing system.

The UASB system was operated continuously for 170 days and the temperature was maintained
constant at 35 + 2°C for the whole period. During the experiment, several operational conditions were
examined at different values such as the Hydraulic Retention Time (HRT), the OLR, the COD/SO4?2
ratio and the addition of iron. To better illustrate the variation of the operational parameters, we have
separated the anaerobic digestion into 8 stages as shown in Table 2. Sulfuric acid was added to the
influent from 76th to 170th day in order to investigate the role of sulfate on UASB performance. The
operational parameters for each stage were adjusted gradually, taking into account the reactor’s
performance in the previous stage. Samples were obtained from the effluent in a daily basis, whereas
samples from the influent were collected periodically after each feed modification. All liquid samples,
once collected, were stored at 4°C for further analysis.

Table 2. Operational parameters in each of the 8 stages.

Stage 1 2 3 4 5 6 7 8
Starch (g/L) 0.87 0.91 0.68 1.23 1.32 1.55 2.85 3.95
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Urea (g/L) 0.075 0.075 0.100 0.100 0.150 0.200 0.280 0.200
FeSOs 7H20 (g/L) 0.025 0.023 0.053 0.040 0.033 0.046 0.049 0.120
Molasses (g/L) 0.10 0.10 0.20 0.20 0.10 0.10 0.20 0.20
H2SOs conc. (mL/L) - - - - 0.20 0.10 0.14 0.18
HRT (hours) 35 32 32 16 16 11 22 16
Days 1-17 18-26  27-44 45-85 86-112 113-130 131-155 155-170

2.4. Analytical methods

Samples from the influent and effluent were filtered through a 0.45-um glass fiber membrane,
and measured in terms of chemical oxygen demand (COD) section 5220 C, sulfate section 4500 C, Fe
section 3500 B, NH4* section, total amount of VFAs section 5560 C and alkalinity section 2320 B
according to Standard Methods [31] The pH and REDOX potential were measured continuously
using the pH electrode HI 3214P from Hanna Instruments, Co. and the ORP electrode H1 2114P from
Hanna Instruments, Co. and the results were recorded on a PLC. The TOC of solid starch, the organic
carbon in the starch solution as well as the Total Nitrogen (TN) in the substrate, were measured by a
TOC analyzer (Shimadzu, SSM-5000A, Shimadzu, TOC-L and TNL-M analyzer).

Molasses characterization was applied in accordance with Standard methods, using the Atomic
Absorption Spectrophotometer Shimadzu AA-7000 (Shimadzu, Kyoto, Japan) for Ca, Mg, Fe, Mn, Zn
and Cu, and the Sherwood Flame Photometer 410 (Sherwood, Cambridge, UK) for K and Na analysis.

2.5. DNA extraction and PCR Amplification

Before and after the addition of sulfate (85th and 170th day), 5 g samples of the sludge blanket
were collected from the bottom of the reactor, washed and centrifuged and the precipitate was stored
at -30°C for further analysis. They were analyzed by 165 rRNA sequencing in order to investigate the
change in microbial community at genus level. For the microbial DNA extraction, Nucleo-Spin @ Soil
Kit (MACHEREY-NAGEL) was used in accordance with the kit manufacturer’s instructions. The
nano-drop method was used to estimate the concentration and purity of the isolated DNA and the
extract was delivered to Novogene Ltd. (Cambridge, United Kingdom), for amplicon pyrosequencing
on the Illumina MiSeq platforms. PCR products were mixed in equidensity ratios. Total genome DNA
from samples was extracted using CTAB/SDS method. DNA concentration and purity was monitored
on 1% agarose gels. According to the concentration, DNA was diluted to 1 ng/uL using sterile water.
Using the primer pair 341F/806R, the V3-V4 region of the bacterial 165 rRNA genes were amplified.
According to Novogene, Bioinformatics Technology Co., all PCR reactions were carried out with
Phusion® High-Fidelity PCR Master Mix (New England Biolabs) and sequencing libraries were
generated using NEBNext Ultra DNA Library Pre ®Kit for Illumina, following manufacturer’s
recommendations. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo
Scientific) and Agilent Bioanalyzer 2100 system. At last, the library was sequenced on an Illumina
platform and 250 bp paired-end reads were generated. Sequences analysis were performed by Uparse
software (Uparse v7.0.1001) [32]. Representative sequence for each operational taxonomy units
(OTUs) was screened for further annotation. OTUs abundance information were normalized using a
standard of sequence number corresponding to the sample with the least sequences. In order to study
phylogenetic relationship of different OTUs, and the difference of the dominant species in the 2
samples, multiple sequence alignment were conducted using the MUSCLE software (Version 3.8.31)
[33]. Alpha diversity was applied in analyzing complexity of species diversity for a sample through
indices, including Observed-species, Chaol, Shannon, Simpson, ACE and Good-coverage. All indices
were calculated with QIIME (Version 1.7.0) bioinformatics platform software and displayed with R
software (Version 2.15.3).

3. Results

3.1. Influent characterization and operational conditions
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The TOC of the industrial starch was measured to be 0.441 g/g starch. Consequently, the initial
starch suspension had a total TOC of 13.67 g/L. The applied starch hydrolysis conditions lead to a
high hydrolysis rate of 99.5% and the hydrolysate can be used for biogas production via anaerobic
digestion with a methane yield equal to 0.368 L-biomethane/g-COD as measured in a previous study
[3].

The chemical composition of molasses was as follows: Cl, 36.73 mg/g; TN, 12.67 mg/g; Zn, 4.42
ug/g; Cu, 2.99 ug/g; Fe, 71.79 ug/g; Mn, 4.32 ug/g; Ca, 174.91 ug/g; K 3.8 mg/g, P, 0.75 mg/g; SOz,
40.11 mg/g while the urea contained 46% of elemental nitrogen.

The operational parameters, for each stage before and after the addition of sulfate are shown in
Tables 2 and 3. At the first 4 stages, which lasted for 85 days, no sulfate was added to the feeding and
the concentration of SO« was less than 5.3 mg/L. The composition of the influent contained a TOC
ranging from 188.42 +13.9 to 835.66 + 103.12 mg/L, a phosphorus concentration between 0.08 and 0.15
mg/L, a nitrogen content between 30.6 and 46 mg/L and an iron content from 4.58 to 10.68 mg/L. At
stage 3, the amount of iron in the influent was doubled in order to study its effect on reactor’s
performance before the sulfate addition. The OLR and HRT were studied at values varying from 0.5
to 2.3 g COD/Luass-day and 16-35 h, respectively as shown in Table 3.

On day 86 the influent was enriched with sulfate in the form of H250s4. In the stages from 5 to 8
(i.e., 86-170 days), the composition of the influent contained a COD/SO4? ratio varying from 3.72 +
0.15 to 12.5 + 0.70 with sulfate concentration more than 300 mg/L, an iron concentration ranging from
6.16 = 0.08 to 23.07 = 3.49 g/L, while TOC, phosphorus and nitrogen were 477.71 + 90.81 - 1551.60 =
88.24 mg/L, 0.8-0.15 mg/L and 69 - 105.32 + 22.77 mg/L, respectively. The OLR were equal to 2.1, 3.0,
2.7 and 5.9 g COD/Luass-day, with respective HRTs equal to, 16, 11, 22 and 16 h as it illustrated in
Table 4.

Table 3. Operation conditions applied to UASB without sulfate addition (stages 1 to 4).

Stage 1 2 3 4
TOC (mg/L) 236.47 £33.97 296.13+33.68 188.42+13.91  835.66 +103.12
SO« (mg/L) 3.34£0.40 2.93 £0.01 4.62 +1.68 5.02£0.70
OLR (g COD/L-day) 0.54 +0.09 0.67 £ 0.02 0.47 £0.04 2.02+0.26
Ratio COD/ SOs2 23943 £54.62 305.69 +10.35  152.82 +48.48 271.01 £ 37.55
Fe (mg/L) 523+0.15 458 +£0.12 10.68 +0.91 7.94+0.93
TN (mg/L) 30.6 £0.11 30.6 £0.20 46.0£0.17 46.0+0.15
TP (mg/L) 0.075£0.006  0.075+0.004 0.15+0.009 0.15+0.011
HRT (hours) 35 32 32 16
Days 1-17 18-26 27-44 45-85

Table 4. Operational conditions applied to UASB with sulfate addition (stages 5 to 8).

Stage 5 6 7 8
TOC (mg/L) 477.71£90.81 607.27 +44.68 900.55+121.54 1551.60 + 88.24
SO« (mg/L) 371.9+0.01 371.58 313.01 +58.81 317.88 +17.60
OLR (g COD/L-day) 2.08+0.21 3.04 +0.12 2.65+0.40 5.94 +0.02
Ratio COD/ SO« 3.72+0.38 3.72+0.15 790 +1.54 12.5+0.70
Fe (mg/L) 6.46 + 0.81 6.16 £ 0.08 9.56 +0.49 23.07 £3.49
TN (mg/L) 69 +0.61 69 +0.32 105.32 +22.77 92+1.01
TP (mg/L) 0.075+0.009  0.075+0.003 0.150 £ 0.012 0.150 + 0.009
HRT (hours) 16 11 22 16
Days 86-112 113-130 131-155 155-170

3.2. UASB performance with and without the addition of sulfate

The performance of the UASB reactor for the first 4 stages (until day 85) is demonstrated in Table
5. COD/ SOs? ratio was higher than 150, since the only amount of sulfate that observed in the substrate
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was the one derived from the addition of molasses and ferrous sulfate therefore no sulfate was
detected in the effluent. In addition, TOC removal was varying from 60.43 + 7.32 to 83.27 + 5.53 %,
while the methane percentage was ranging from 42.43 + 10.71 to 56.25 + 8.52 %. The highest iron
accumulation (87%) was observed at stage 3, despite the high iron influent concentration. The
maximum methane production was equal to 0.21 + 0.07 L CHa/ Luass-day and observed at HRT 16 h
and OLR 2.02 + 0.26 g COD/ Luass- day. At this stage (stage 4), VFAs started to be produced due to
the OLR increase.

At stages 5 to 8 (Table 6), COD/ SO+2 ratio was gradually increased from 3.72 to 12.8 due to the
addition of sulfuric acid. The TOC removal was increased from 67.34 + 5.81 % to 94.81 + 1.39 %, while
the percentage of methane in biogas varied from 69.43 + 3.27 (stage 6) to 71.86 + 1.21 % (stage 5). It is
noteworthy that the methane content was substantially improved with the sulfate addition from
56.25% in stage 4 to 71.9% in stages 5 and 8. Moreover, the methane production rate was increased
by 40% (from 0.268 + 0.07 L CHs/ Luass-day in stage 5 to 0.443 + 0.135 L CHs/Luass-day in stage 6)
when the HRT was decreased from 16 to 11 hours and OLR was increased from 2.00 to 3.04 g COD/
Luass-day. The methane production was further increased at 0.608 + 0.131 L CHa/Luass-day (stage 7)
and 0.837 + 0.073 L CH4/Luass-day (stage 8). In the latter stage, COD/ SO4+2 was 12.5 + 0.70 and the
respective HRT, OLR and Fe concentration were equal to 16 h, 5.94 + 0.16 g COD/ Luass-day and 23.07
+3.49 mg/L. After the addition of sulfate (stages 5 to 8) pH and Redox values remained in satisfactory
levels for methane production, despite the accumulation of VFAs. Furthermore, the iron was
accumulated in the system in a percentage higher than 95%, while the sulfate removal was ranging
from 59.61 + 10.70 to 74.21 + 13.09 % in all applied COD/ SO4?ratios after the sulfate addition. Both
output variables (COD and TOC% removal) seem to have approached their optimal values at COD/
SO«2ratios equal to 7.90 + 1.54 and 12.5 + 0.70, respectively.

Table 5. Average value of each parameter during UASB operation before the sulfate addition.

stage 1 2 3 4
COD/ SOs4?2ratio 239.43 +54.62 305.69 +10.35 152.82 +48.48 271.01 +37.55
pH 6.58+0.14 6.75+0.11 7.02+0.46 6.67 +0.27
Redox -455+12 -449 + 37 -467 +13 -438 +28
COD removal % 79.14+10.17 8275+624 63.28+5.71 68.40 £9.94
Fe accumulation % 63.04+259 83.62+10.81 87.69+327  84.89+12.07
CHs% 55.30+6.43 4578+7.52 4243+10.71  56.25+8.52
Methane production rate (L CH4/L-day) 0.027 +0.010 0.032+0.017 0.081+0.049 0.212+0.072
SO«+2 removal % 100 100 100 100
VFAs effluent (mg/L) - - - 166.16 £ 25.73
TOC removal % 77.31+10.62 83.27+553 60.43+7.32 76.91 + 6.27

Table 6. Average of each parameter during UASB operation after sulfate addition.

stage 5 6 7 8
COD/ SOs+?2ratio 3.72+0.38  3.72%0.15 7.90 +1.54 12.5+0.70
pH 702+018 6.85+0.14 6.90+0.24 6.55+0.12
Redox -445+7 -445 + 16 -422 + 43 -353 £21
COD removal % 65.64+653 71.86+4.84 90.31+555 92.28 +1.48
Fe accumulation % 95.17+£3.38 96.50+545  98.8 +0.63 98.33 +1.53
CH4% 7192+6.67 69.43+3.27 71.04+3.87 71.86 £1.21
Methane production rate (L CH4/L-day) 0.268 +0.065 0.443 +0.135 0.608 +0.131  0.837 +0.073
SO«2 removal % 7421 +13.09 63.19+1035 59.61+10.70 72.23+4.80
VFAs effluent (mg/L) 247.78 £52.13 234.99 +57.47 96.10+46.12 111.52+19.54
TOC removal % 67.34+570 7632+4.02 92.56+4.56 94.81 +1.39

Figure 2 illustrates the performance of the UASB reactor over the 170 days. Figure 2A
demonstrates the TOC removal in each of the 8 stages. After the addition of sulfate, TOC removal
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was increased. It is observed that at the last two stages where sulfate, iron, and OLR were increased,
the removal of the organic load reached its highest values (92.6% at stage 7 and 94.8% at stage 8). The
latter was 12.2% higher than the maximum TOC removal from the first four stages obtained at stage
2. The methane yield as L of CHs/ g CODremoved is shown in Figure 2B. A noticeable trend is observed
whereby the methane yield was escalated when the OLR was reduced in stage 3 (from 0.67 to 0.47 g
COD/L-day) and stage 7 (from 3.04 to 2.65 g COD/L-day). The increase in methane yield can be
attributed to the anaerobic bacteria having already acclimated to the OLR from the previous stage
promoting the methane production. When the OLR was increased 4.3 times (stage 3 to 4) and 1.46
times (stage 5 to 6) the methane yield was decreased for the first 5-7 days until its rise and stabilization
to higher methane yield values. Nevertheless, when OLR reached the highest value of 5.94 g COD/L-
day at stage 8 methane yield dropped for 2 days and then started to increase during the first week
(149th — 155th day) before it drops to yields at around 0.16 L CH4/ g CODremoved.

Sulfate addition
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Figure 2. UASB performance in all 8 stages. A) TOC in the influent and effluent in mg/L, B) Methane
yield in L CH4/gCODremoved, C) Methane production rate in L CHa/Luass-day, D) ORP in mV and E)
pH.
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According to Figure 2C, after the addition of sulfate the methane production rate (MPR) was
gradually increased reaching values higher than 0.96 L CHas/Luass-day. MPR of stage 8 is almost 4
times higher than the one obtained in Stage 4. It is observed that when the OLR was risen more than
1 g COD/Luass-day, the methane production rate was reduced for few days and after that it was
sharply increased (e.g., beginning of stage 6).

This behavior is may explained by the fast adaptation of anaerobic sludge to new conditions.
Figures 2D and 2E depict the ORP and pH at each stage. Regarding ORP, it is observed that there is
no remarkable variance during the first 7 stages where the ORP values, except for isolated cases, are
lower than -427 which is adequate for methane production. During the final stage, ORP was increased
due to the high OLR of 5.94 g COD/ Luass-day. Regarding Figure 2E, pH values fluctuate between 6.1
to 7.8. It is observed that pH values are strongly related to OLR. The highest pH values are observed
in stage 3 where OLR decreased slightly from 0.67 to 0.47 g COD/ Luass-day, while the sharp increase
in OLR to 2 g COD/ Luass-day at stage 4, resulted in a decrease in pH from 6.6 to 6.1. Generally, the
optimal conditions for ORP and pH in anaerobic conditions for methane production are lower than -
300 mV and more than 6.8, respectively [34].

Figure 3A represents the sulfate removal as an average of the measurements at each of the 8
stages. As it is mentioned above, until stage 4 the only source of sulfate was molasses and as a result
no sulfate was detected in the effluent. After the addition of sulfate in the form of sulfuric acid at
stage 5, the sulfate concentration started to increase from 0 (stages 1 to 4) to 80 - 120 mg/L (stages 5 to
8). At stage 7, we decided to decrease the sulfate concentration in the influent from 360 mg/L to 300
mg/L due to the sulfate accumulation in stage 6. This decrease restored the system back to elevated
sulfate removal values (72.2% in stage 8 and 74.2% in stage 5). According to Figure 3B, at the first 4
stages the iron was accumulated in the system in a percentage ranging from 60 to 85% while the
accumulation of iron approached 100% after the addition of sulfate. Although the influent iron
concentration increased in stages 7 and 8, the iron in the effluent did not show any rise. It seems that
the presence of sulfates enhanced the retention of iron within the bioreactor.

The percentage of methane in the total biogas produced is shown in Figure 3C. It can be noticed
that after the addition of sulfate, the methane percentage has the tendency to be stabilized at a
remarkably high value of 71% with the deviation constantly decreasing from +3.00 (stage 5) to +0.50
(stage 8). The addition of sulfate into the system, not only increases the methane content but also
consolidates the biogas production rate. Finally, Figure 3D represents the total amount of VFAs
produced at every stage. VFAs started to accumulate at stage 4 from 0 (stages 1 to 3) to 170 mg/L
where OLR was increased to 2.02 from 0.47 g COD/Luass-day .After the addition of sulfate, VFAs
concentration was maintained, initially, at high levels (240-250 mg/L) in stage 5 and 6 before being
reduced to low levels (100-110 mg/L) in stages 7 and 8. The low VFAs concentrations at stages 7 and
8 are probably due to the higher iron concentration and COD/sulfate ratio [35]. At the final stages of
the experiment, the system was so robust that even the sharp increase of OLR (stage 8) had no
negative impact as the VFAs and biomethane content remained at values near to 100 mg/L and 71%
respectively.
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Figure 3. Average values of sulfate in the influent and effluent (A), Fe accumulation (B), Methane
percentage in total biogas (C) and VFAs accumulation (D) at each of the 8 stages.

Figure 4 illustrates the nitrogen removal during the operation of the UASB reactor. It is observed
that the nitrogen in the effluent was gradually raised as influent nitrogen was increased. During the
first two stages, nitrogen was consumed in the high rate of 36.3% and 39.7%, respectively due to
microbial acclimation and biomass growth. At stages 3 and 4, nitrogen was accumulated in the
reactor. After the sulfate addition, the nitrogen removal was increased despite the increase in the
nitrogen supply. More specifically, at stages 5 and 6 where the influent nitrogen concentration was
69 mg/L, the nitrogen removal reached 19.87% and 22.58%, respectively, while at stages 7 and 8 where
the influent nitrogen was 103 and 92 mg/L, the respective nitrogen removals had the average values
of 24.7% and 14.0%. In addition, at stages 1, 7 and 8, the nitrogen in the effluent was mainly in the
form of ammonium, indicating the efficient activity of hydrolytic bacteria and the ammonification
process in the reactor. The presence of accumulated ammonium in the UASB reactor can create a
conducive environment for the growth of ammonium oxidizing bacteria. At stages 2, 3, 4, 5 and 6 the
ammonium concentration was low and ranging between 55% to 63% of the effluent total nitrogen.
The accumulation of organic nitrogen in the effluent can be attributed to the limited activity of
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ammonifying bacteria, high amount of urea in the influent, washout of biomass, or insufficient
contact time between the anaerobic bacteria and the feed.

120 -
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I TN effluent
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Figure 4. Total Nitrogen in the influent and effluent. The percentage of NHs-N in the effluent is
labeled.

3.2. Microbial community results

165 rRNA gene sequencing was applied to investigate the impact of sulfate addition on microbial
diversity within the UASB reactor. Sequence analysis was conducted based on similarity and
representation of OTUs [36]. Sequences with >97% similarity were assigned to the same OTUs. The
number of OTU for sample A and B were 576 and 493 respectively, indicating the well sampling from
the UASB reactor. Alpha diversity was used to estimate the richness of microbial species within the
sample. Table 7 shows, the Sannon and Simpson index that indicate the diversity within the sample
as well as the ACE and Chaol estimators that reveal the microbial richness of the samples, before and
after the sulfate addition. It is observed that microbial diversity and the species richness were
decreased after 170 days of operation. According to Schloss et al. 2011 [37], high microbial diversity
is observed when Sannon index is high and Simpson has a low value. The Good’s Coverage that
expresses the ability of 16s rRNA to capture a greater percentage of the microbial diversity including
the rare diversity, was 99.9% for the 2 samples indicating that the sampling and sequencing effort
conducted were sufficient to capture the majority of the bacterial diversity that was present.

Table 7. Microbial diversity and richness estimators for the 2 samples.

Sample name observed species Shannon Simpson Chaol ACE
A 565 4.75 0.881 581.114 588.115
B 469 4.147 0.845 489.204 488.479

Figure 5 illustrates the relative abundances in phylum level for the 2 samples. The phyla that
predominate in the samples are Euryarchaeota, Firmicutes, Chloroflexi, Proteobacteria,
Bacteroidetes, Caldiserica, Spirochaetes, Acidobacteria, Patescibacteria and Fusobacteria. However,
the relative abundances of them, changed before (Sample A) and after the sulfate addition (Sample
B). The relative abundance of dominant Euryarchaeota which include methanogenic archaea species,
was increased after the addition of sulfate from 32.50% to 35.46%, while the relative abundance of
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Chloflexi was decreased from 25.97% to 13.98%. In addition, Proteobacteria were decreased from
18.60% to 11.38%. Furthermore, after sulfate addition the relative abundance of Firmicutes was
greatly increased from 6.36% to 27.06%. This phylum can survive in extreme conditions such as
strong acidic conditions and plays an important role in acidogenesis [38] . Bacteroidetes increased its
relative abundance from 4.72% to 5.02% while Caldiserica had a slightly lower relative abundance in
sample B from 3.65% to 2.41%. The other phyla had a relative abundance lower than 1% before and
after the sulfate addition, and hence, we do not further comment them. It has been reported that the
phyla Euryarchaeota, Firmicutes, Chloroflexi, Proteobacteria, and Bacteroidetes predominate in
anaerobic mesophilic reactors [39].

— A

—B M Euryarchaeota
H Firmicutes

[ Chloroflexi
Al [ Proteobacteria
[ Bacteroidetes
[ caldiserica

[ Spirochaetes
[ Acidobacteria
[ Patescibacteria
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[] Others
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Weighted Unifrac Distance r T T T 1
0 0.05 0.1 0.15 Relative Abundance in Phylum Level

Figure 5. Relative abundance in Phylum level. Samples A1l and B1 were collected on days 85th and
170th, respectively.

Krona graphs in Figure 6 represent the result of taxonomic analysis for each sample depicting
the predominant bacteria and archaea [40]. Every different circle in the graph correspond to a
different taxonomic rank. Before the addition of sulfate (Figure 6A), the predominant archaea at
genus level were, with relative abundance, 27.51% Methanosaeta sp. followed by 3.3%
Methanobacterium sp., 0.49% Methanospirillum sp., 0.47% Methanosarcina sp. and 0.43% Methanolinea
sp. Regarding to Bacteria, Levilinea sp. dominates with 17.7% while Propionivibrio sp. has a high
relative abundance of 9.75%. The relative abundance of the Calsidericum sp., Ferribacterium sp., IheB3-
7, Anaerolineaceae_UCG-001 and Deslufovibrio sp. is 3.4%, 2.4%, 1.76%, 1.48% and 1.74%,
respectively.

After the addition of sulfate to the substrate (Figure 6B), the predominant archaea are again
Methanosaeta sp. but with an increased relative abundance of 32.25% followed by Methanobacterium
sp. with 2.25% and Methanolinea sp. with 0.54%. From Bacteria, Ruminococcus sp. dominates with
relative abundance of 20.24% and Desulfovibrio sp. which belongs to SRB with 9.89%. Other bacteria
with high relative abundance were Syntrophomonas sp. (4.02%), Ignavibacterium sp. (2.29%),
Caldisericum sp. (2.25%), Leptolinea sp. (2.05%) and toluene-degrading methanogenic consortium
bacterium (1.16%).

The distribution of top 100 genera and the comparison between the relative abundance at genus
level in microbial community from samples A and B are observed in Figure 7. The red and the orange
bars correspond to the microbial abundance before and after the sulfate addition, respectively. In
sample A, nine genera were observed to have relatively high abundance. These are Methanosae-ta,
Methanobacterium, Levilinea, Caldisericum, Anaerilineaceae_UCG-001, Propionivibrio, Ferribacterium,
IheB3-7, and Desulfovibrio. In sample B, seven observed genera with relatively high abundance were
detected: Methanosaeta, Ruminococcus, Desulfovibrio, Syntrophomonas, Leptolinea, Ignavibacterium, and
Caldisericum. After the addition of sulfate, Methanosaeta, Ruminococcus, Desulfovibrio, and
Syntrophomonas showed higher abundance, while Levilinea, Propionivibrio, and Ferribacterium nearly
disappeared.
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Figure 6. Krona graphs showing microbial community in the reactor. Graph A corresponds to the
sample collected before the addition of sulfate to the substrate (day 85th). Graph B corresponds to the
sample collected after the addition of sulfate (day 170th).
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Figure 7. The distribution of the top 100 genera and the relative abundance for the 2 samples. Sample
A (labeled with red color) was collected before the sulfate addition. Sample B (labeled with orange
color) was collected after the sulfate addition.

4. Discussion

The performance of the UASB reactor showed a relative stability from the first days of its
operation. The anaerobic sludge utilized as inoculum had already been activated and acclimated to
potato wastewaters since it was obtained from the wastewater facilities of the same industry where
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the industrial starch was derived. The OLR did not exceed the value of 6 g/Luass-day during the whole
period of experiments in order to avoid a decrease in COD removal efficiency and methane
production due to the complex structure of starch [9]. During the first 85 days of the experiment, no
considerable fluctuations were observed related to HRT modifications. The increased methane
production L CHa/ Luass-day at stage 4 was due to the increase in OLR. After the sulfate addition, the
COD/SOx«? ratio was maintained higher than 3, in order to avoid sulfidogenesis [18] and keep the
sludge granule integrity [17]. Although in few other studies a low COD/SOs+?2 ratio during anaerobic
processes can lead to a COD removal lower than 50%, in our study the addition of sulfate and the
increase in OLR increased both the COD removal as well as the methane production [41,42]. The
increase in COD removal can be explained by the abundance of SRB in the system that utilize organic
carbon for the production of new cell metabolites [43]. The stoichiometric ratio indicates that 1200 mg
of COD is needed to reduce 1800 mg of sulfate [44]. It has been reported that among different types
of anaerobic reactors treating glucose at various COD/SO«? ratios, UASB achieved the highest organic
matter and sulfate removal level [45]. Although pH in the influent was decreased after the addition
of sulfate (ranging from 6.7 to 4.5), the robustness of the UASB system maintained the pH to adequate
levels (6.3-7.4) for methane production. It has been reported that SRB can generate alkalinity that
allows pH to increase [46,47]. The increased pH values in combination with high alkalinity promote
acetogenesis and methanogenesis [48].

The use of sulfuric acid instead of other sulfate salts in this study allows for a more controlled
and precise addition of sulfates. It helps maintain an optimal acidic environment minimizing pH
fluctuations. Additionally, it is highly soluble in water, ensuring that it can easily react with other
substances in the experiment. During the decomposition of H2504, hydrogen ions released that are
not toxic for the anaerobic bacteria -since they can be used for microbial metabolism- and do not
interfere with the overall performance of the system. This allows for a more accurate assessment of
the specific impact of sulfates on the microbial community without introducing any additional toxic
effects that could confound the results. Moreover, sulfuric acid is commonly used in research and
industrial applications due to its stability and availability. Several studies have focused on sulfuric
acid pretreatment of substrate before anaerobic digestion in order to improve the methane
production [49,50]. Lastly, the use of sulfuric acid allows for more precise dosing and easier
adjustment of the sulfur content in the AD system. This flexibility is important for optimizing the
process and ensuring efficient methane production. It is mentioned that sulfate released from sulfuric
acid can undergo reduction by sulfate-reducing bacteria to form sulfide. This dissolved sulfide can
then be oxidized to elemental sulfur through the action of ferric ions present in the system.
Additionally, the released ferrous ions can react with the sulfide to form precipitates of iron sulfide
[51].

The improved performance of the UASB reactor after the sulfate addition that was observed in
this study is in agreement with Lu et al. 2016 [11] who stated that at COD/ SO+?2 ratios of 3, 5 and 10,
the respective average of methane content was 67.2%, 64.0% and 61.6% in a UASB reactor fed with
starchy wastewater at an OLR of 4 g COD/Luass-day. According to the authors, the improvement is
due to the increase in diversity of microbial community that stimulates the hydrolysis-acidification
of starch and enhances the degradation of propionate, ultimately resulting in improved acetoclastic
methanogenesis. In addition, at COD/SOx4? ratios between 2 to 10, they found a sulfate reduction of
52.7-77.1% and the sulfide produced, was almost entirely aqueous. Our study demonstrates similar
results regarding sulfate reduction (59.61 + 10.70 to 74.21 + 13.09%), indicating no significant
difference in sulfate removal among the various COD/ SOs2 ratios. However, when iron addition was
significantly increased (stage 8), the sulfate removal was high and more stable due to the precipitation
of iron sulfides. Yang et al. 2015 [52] who studied the impact of sulfate addition (0.5-0.8 g/L) on
methane production in a mesophilic anaerobic reactor feeding with acetate at an OLR of 4 g TOC/L-
day, pointed out that methane production did not affected by sulfate addition, while the sulfate
reduction became unstable (23-87%). In contrast with the present study, they noticed that with the
increase of sulfate concentration in the substrate, the hydrogenotrophic methanogenesis was
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promoted and the population of Methanosaeta sp decreased. This fact could confirm the importance
and necessity of iron in the anaerobic system.

The improved and stabilized performance of the UASB reactor with low amount of VFAs at
stages 7 and 8 is due to the long adaptation of microbial community to the starchy substrate, the
COD/ SO« ratio values (>7) and the increased iron influent concentration. The absence of high iron
concentration in the influent in combination with sulfate addition can play an important role in the
increase of methane yield. The high iron accumulation in the UASB system after the sulfate addition
might be explained by the fact that in the presence of sulfate, iron precipitates as ferrous sulfide. As
it is mentioned above, ferrous iron in the substrate can react with sulfide produced by SRB, resulting
in the precipitation of ferrous iron as FeS or FeS: and reducing the negative impact of sulfide on
methanogenesis [51],[53]. In addition, the iron precipitates have a positive impact on anaerobic
granular sludge enriching the microbial community [54,55] and granule stability [56].

The substrate was supplemented with nitrogen to maintain a low but adequate C/N ratio during
the whole period of the experiment. Zhang et al. 2022 [57], reported that sulfate in concentrations
between 200 mg/L and 1200 mg/L can promote the organic removal and methane production during
anaerobic digestion of nitrogenous wastewater. After sulfate addition, nitrogen removal was
increased due to the use of ammonium for microbial growth. Several studies have focused on the
sulfate-reducing ammonium oxidation process explaining that ammonium is used as electron donor
and sulfate as electron acceptor producing nitrogen and elemental sulfur [58,59]. Other recent studies
explain the anoxic ammonia removal via Feammox processes where ammonium is converted to N2
using ferrous iron as electron donor [60,61]. This fact can explain the high nitrogen removal in the
last 4 stages, as there was an accumulated amount of iron within the reactor and the amount of iron
in the substrate was high. Additional experimental data are required in the current study in order to
comprehensively elucidate the significant phenomenon of nitrogen removal. This open field of
research is extremely important to our research group and has great potential for further exploration.

Regarding to microbial community it is worth mentioning that the archaeal Euryarchaeota were
the most abundant. This phylum participates in carbon conversion during anaerobic digestion and
generates methane [62]. Microbial diversity at genus level, indicates that the most of the produced
methane is resulted from acetate reduction since the relative abundance of acetoclastic Methanosaeta
sp. is higher than that of the other methanogens which use CO2 and H-2 as source of energy [63]. In
addition, during the anaerobic fermentation of starch hydrolysates, monosaccharides are converted
into acetate from Chloroflexi phylum. It is reported that the syntrophic relationship of Anaerolinae
and Clostridia species improves the acidogenesis process. In Anaerolinaceae family many species have
hydrolytic fermentative properties and can easily degrade glucose molecules. In addition, some of
them help in the sludge granulation [48]. It can be noticed that Levilinea sp. which had the highest
relative abundance among the bacteria genera, as acidogens can convert carbohydrates to organic
acids [63,64]. Furthermore, Rhodocyclaceae family accounting for 12.23% in this study, is considered a
very common microbial group in wastewater treatment processes [66]. Propionivibrio sp. that has a
high relative abundance accounting for 9.75% utilizes sugars as energy source and produce
propionate. In this study, the organic acids produced during acidogenesis may be oxidized by
Ferribacterium sp. (relative abundance of 2.4%) [67] and ferric iron from the substrate may be used as
their electron acceptor. The amount of iron in the substrate was already high due to the FeSO17H-O
addition during the chemical oxidation of starch. In addition, some species from Caldiserica phylum
are related to iron reduction in combination with sulfide oxidation [68]. Calsidericum sp. with the
relative abundance of 3.4% can reduce sulfur compounds such as elemental sulfur, thiosulfate or
sulfite that were in the anaerobic system [69].

The low COD/SOx? ratio, the high OLR as well as the increased iron concentration led to changes
in microbial diversity as it is observed from the genomic analysis of sample B. Regarding to archaea
community, the relative abundance of Methanosaeta sp. was increased accounting for 32.25% while
all the other archaea were diminished or remained at similar levels (Table 8). Consequently, the
produced methane after the addition of sulfate derived from the acetate consumption instead of
hydrogenotrophic metabolic pathway. Ruminococcus sp. that showed the highest relative abundance
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in bacterial community, belong to acidogenic bacteria and produce H: and short chain acids from
soluble carbohydrates. Theoretically, 4 mol of Hz per mol of glucose can be produced [70]. This genus
reduces a proton to hydrogen with reduced electron carrier NADH or reduced ferredoxin [71,72].
Iron has a crucial role in electron transfer and hydrogen formation since it is the active site of
ferredoxin [73]. Yin et al. 2021 [74] who studied the hydrogen production from sewage sludge,
showed that ferrous iron can improve the H: yield as ferredoxin hydrogenase activated by Fe?*
supplementation. The authors also pointed out that the addition of ferrous sulfate enhances the
degradation of the organic compounds. In our study, the cumulative addition of iron seems to affect
the acceleration of Ruminococcus sp. population. The increase in Desulfovibrio sp. relative abundance
should be directly related to the addition of sulfate. Desulfovibrio sp. bacteria belong to sulfate
reducing bacteria (SRB) that reduce sulfate by using H: as electron donors [16]. In addition, some
species of this genus have iron reduction abilities too [75]. The increase in sulfate removal efficiency,
expect for the precipitation as ferrous sulfide, can be also explained from the increase in the SRB’s
electron acceptors [46]. Paulo et al. 2015 [76] and Colleran et al. 1995 [77] have observed that SRB
exhibit a higher affinity for Hz in comparison with methanogenic bacteria. This characteristic gives to
the SRB a competitive edge in environments where sulfates are abundant. On top of that, Paulo et al.
2015 [76], mentioned that hydrogen offers a thermodynamic advantage over acetate as an electron
donor for sulfate reduction. Niu et al. 2023 [78] investigated the sulfate removal rate under different
influent sulfate concentrations in a UASB reactor treating acid mine drainage and observed that
sulfate reduction by SRB is more favorable in communities with higher species diversity.

Furthermore, an increase in Syntrophomonas sp. population from 0.3 to 4% was observed. This
microbial group produces acetate from fatty acids degradation and it is proved that has a syntrophic
role in anaerobic oxidation of butyrate. Zhang et al. 2016 [79], investigated the DIET syntrophic
methanogenesis in presence of FesOs in lake sediments and observed an acceleration of methane
production due to iron. Syntrophomonas sp. associates with methanogenic bacteria and bacteria that
utilize hydrogen. Direct interspecies electron transfer (DIET) between bacteria that reduce iron and
methanogenic archaea can improve the methane production [53]. Moreover, there was a noticeable
increase in the relative abundance of Ignavibacterium sp., from 0.2% to 2.3%. Ignavibacterium species
have been identified as potential participants in the Feammox process [80,81]. These bacteria can use
ferric iron as electron acceptor while oxidizing ammonium to nitrogen gas. This fact can confirm that
the high nitrogen removal observed is due to N2 production from Ignavibacterium sp. It can be
concluded that after the addition of sulfate, Ruminococcus sp. and Syntrophomonas sp. produce
hydrogen and acetate respectively from the carbohydrates, provided by the starch hydrolysates, that
can be directly utilized by Desulfovibrio sp. The latter outcompete hydrogenotrophic methanogenic
bacteria. Therefore, Methanosaeta sp. predominates in the microbial community and methane
production is derived almost completely from acetate.

In summary, all the conditions applied after the sulfate addition, affect the UASB performance
as follows:

e  The methane percentage in the total biogas and the methane production rate reached 71% and
0.84 L/Luass-day, respectively, due to the increased amount of Methanosaeta sp. and direct
interspecies electron transfer.

e  The organic removal efficiency reached 95% due to the high amount of Ruminococcus sp. that
utilize the soluble carbohydrates from the substrate.

e  The amount of VFAs was kept low since some genera such as Syntorphomonas and Desulfovibrio
can effectively use them as substrate.

e  The sulfate removal reached 72% due to the reduction of sulfate from Desulfovibrio sp.

e  Iron accumulation was increased to 98% probably due to precipitation as iron sulfide.

e During stages 5, 6, 7, and 8, the nitrogen removal achieved respective values of 19.87%, 22.58%,

24.66%, and 13.92% probably due to the oxidation of ammonium from Ignavibacterium sp.
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Table 8. Relative abundance at genus level for Sample A and Sample B.

Relative abudance at genus level %

Sample A Sample B

Archaea
Methanosaeta 27.5 32.3
Methanobacterium 3.3 2.3
Methanospirillum 0.5 0.1
Methanosarcina 0.5 0.0
Methanolinea 0.4 0.5

Bacteria
Ruminococcus 0.5 20.2
Desulfovibrio 1.7 9.9
Syntrophomonas 0.3 4.0
Caldicericum 34 24
Ignavibacterium 0.2 23
Propionivibrio 9.8 0.2
Levilinea 17.7 1.0
Ferribacterium 2.4 0.1

5. Conclusions

This research reveals that after the addition of sulfate in the influent, the methane content of
biogas is increased by 15% and methane production enhances by 3 times. At low COD/sulfate ratios,
Fe accumulation in the UASB reactor is increased since ferrous iron reacts with sulfide produced by
SRB and precipitates. In addition, after the sulfate addition, Methanosaeta’s sp population was
increased while other methanogenic bacteria were decreased showing that methane was produced
almost entirely from acetatoclastic methanogenesis pathway. Improvement in methane production
can be elucidated by the direct interspecies electron transfer (DIET) between methanogens and iron
reducing bacteria. Finally, the methane production and organic removal in a UASB reactor treating
starch hydrolysates, can be significantly improved by using COD/SO4* ratios between 8 to 13, along
with an iron concentration ranging from 10 to 23 mg/L. Future recommendations in this field should
be directed towards optimizing and analyzing the scalability of the UASB reactor for treating
substrates enriched with sulfuric acid in different COD to sulfate ratios. On top of that, future
investigations should involve the evaluation of the methane production potential of various organic
substrates which already contain high amounts of sulfate such as the organic fraction of municipal
solid waste and specific agro-industrial waste streams.
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