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Abstract 26 

Biorefinery wastewaters are often treated by means of anaerobic digestion to produce biogas. 27 

Alternatively, these wastewaters can be fermented, leading to the formation of carboxylates. 28 

Here, we investigated how lab-scale upflow anaerobic sludge blanket reactors could be shifted 29 

to fermentation by changing organic loading rate, hydraulic retention time, pH, and salinity. A 30 

strong increase in volatile fatty acid concentration up to 40 g COD L-1 was achieved through 31 

increasing salinity above 30 mS cm-1, as well as a decrease in methane production by more 32 

than 90%, which could not be obtained by adjusting the other parameters, thus, indicating a 33 

clear shift from methane to carboxylate production. Microbial community analysis revealed a 34 

shift in bacterial community to lower evenness and richness values, following the increased 35 

salinity and VFA concentration during the fermentation process. A selective enrichment of 36 

the hydrogenotrophic Methanomicrobiales took place upon the shift to fermentation, despite a 37 

severe decrease in methane production. Particle size distribution revealed a strong 38 

degranulation of the sludge in the reactor, related to the high salinity, which resulted in a 39 

wash-out of the biomass. This research shows that salinity is a key parameter enabling a shift 40 

from methane to carboxylate production in a stable fermentation process. 41 

 42 

Keywords carboxylate production; fermentation; methane; microbial community; salinity  43 

44 
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1. Introduction 45 

A transition to a more sustainable bio-economy moves the production of building block 46 

chemicals away from fossil fuel resources towards renewable biological resources at the 47 

biorefinery (Choi et al. 2015, McCormick and Kautto 2013, Parajuli et al. 2015). The success 48 

of biorefineries strongly depends on their ability to maximize resource and energy recovery 49 

from the initial biomass (Moraes et al. 2015). This means considering also the waste streams 50 

that are generated during the production process. For example, bio-ethanol production by wet 51 

milling generates up to 20 litres of wastewater per litre of bio-ethanol (Ryan et al. 2009, 52 

Satyawali and Balakrishnan 2008, Yan et al. 2012). These wastewaters require adequate 53 

treatment to ensure the sustainability of the plant in terms of maximizing energy and resource 54 

recovery, and preventing environmental pollution of the receiving water bodies (Moraes et al. 55 

2015, Ryan et al. 2009, Satyawali and Balakrishnan 2008). 56 

Anaerobic digestion can be considered a suitable technology to treat these wastewaters, 57 

because their high organics content allows efficient biogas and subsequent energy recovery 58 

under the form of electricity and heat (Satyawali and Balakrishnan 2008, Syutsubo et al. 59 

2013). The often high salinity and high ammonia concentration in these wastewaters has been 60 

shown to cause failure of methanogenesis, requiring dilution and/or co-digestion with other 61 

substrates to alleviate inhibition (De Vrieze et al. 2014b, De Vrieze et al. 2015b, Fang et al. 62 

2011). Moreover, biogas requires CO2 and H2S removal before it can be distributed on the 63 

natural gas network (Kleerebezem and van Loosdrecht 2007, Poschl et al. 2010). Assuming 64 

an electrical efficiency of 35-40% of a combined heat and power system (Deublein and 65 

Steinhauser 2008), and taking into account a market price of € 0.10 kWh-1 for electricity and € 66 

0.05 kWh-1 for heat (Verstraete and Vlaeminck 2011), 1 kg COD converted to biogas 67 

corresponds to only € 0.20-0.25. 68 

Instead of completely degrading the COD in the biorefinery wastewaters to CH4 and CO2 for 69 
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energy generation, the production of carboxylates by a fermentation process could be a 70 

suitable alternative, falling within the carboxylate platform (Agler et al. 2011). Fermenting 71 

bacteria have a lower sensitive to high ammonia and high salt concentrations, compared to 72 

methanogenic archaea (Chen et al. 2008, De Vrieze et al. 2012), thus, allowing higher loading 73 

rates and/or eliminating the need for dilution or co-fermentation. In addition, the resulting 74 

carboxylates have an intrinsic higher economic value than biogas. Assuming a market price of 75 

€ 600-800 per ton for crude acetate, 1 kg of COD in the wastewater converted to acetate 76 

corresponds to €0.55-0.75, which is at least two times higher than the value of biogas. Longer 77 

chain fatty acids, such as butyrate and caproate, can, generally, reach even higher market 78 

prices (Posada et al. 2013). However, to obtain carboxylates with a sufficient level of purity, 79 

three major barriers need to be solved: product separation from the fermentation broth, 80 

product specificity, and methanogenesis inhibition (Agler et al. 2011). Product separation can 81 

take place via several techniques, such as membrane electrolysis, whether or not in 82 

combination with phase separation (Andersen et al. 2014, Xu et al. 2015). Product 83 

specification requires the adjustment of operational parameters to select for those micro-84 

organisms producing the desired compounds (Agler et al. 2011, Vanwonterghem et al. 2014). 85 

However, before product specification can be obtained, the methanogens need to be 86 

(selectively) inhibited to prevent carbon losses via methane. 87 

The objective of this research was to evaluate whether adjusting (1) the organic loading rate 88 

(OLR), (2) hydraulic retention time (HRT), (3) pH, or (4) salt concentration could shift 89 

anaerobic digestion to fermentation by a (selective) inhibition of methanogenesis in an upflow 90 

anaerobic sludge blanket (UASB) reactor. These operational parameters were selected 91 

because of their substantial influence on the methanogenesis process (De Vrieze et al. 2012). 92 

Moreover, this strategy does not require the addition of costly chemicals that could 93 

specifically inhibit methanogenesis, which are often also affecting other micro-organisms 94 
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essential for carboxylate production (Liu et al. 2011). Molasses wastewater was selected as a 95 

proxy of biorefinery wastewaters, because of its inherent high salinity, and both biogas and 96 

carboxylate production were monitored to evaluate whether methanogenesis inhibition took 97 

place.  98 

99 
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2. Materials and Methods 100 

2.1. Inoculum and substrate characterization 101 

The granular sludge used as inoculum for experiment 1 was obtained from the UASB 102 

digesters of a previous experiment in which molasses wastewaters were used for methane 103 

production (Desloover et al. 2015). The reactors in experiment 2 were seeded with granular 104 

sludge from a full-scale UASB digester (Van Steenberge, Ertvelde, Belgium) in which 105 

brewery wastewater was treated at 34°C. The characteristics of both inocula are presented in 106 

Table S1. For each experiment a new batch of molasses was obtained from the company 107 

AVEBE (Veendam, The Netherlands), and stored at 4 °C until use. The characteristics of both 108 

molasses batches are shown in Table 1. 109 

 110 

2.2. Experimental design 111 

2.2.1. Experiment 1: effect of pH and organic loading rate 112 

Two glass lab-scale UASB reactors with a liquid volume of 2.3 L were operated 113 

independently at 34 ± 1°C for a period of 127 days. The reactors were inoculated at an initial 114 

sludge concentration of 12 g VS L-1 (volatile solids), and operated as described in SI (S1). 115 

The first reactor (UASB-5.5) was set at low set-point of pH 5.5, while the second reactor 116 

(UASB-6.5) was set at pH 6.5. The experiment consisted of three subsequent phases. During 117 

Phase 1, which lasted from day 0 to 85, the OLR in both reactors was increased up to a value 118 

of 10.0 g COD L-1 d-1 by decreasing the HRT (Table 2). In Phase 2 (day 86 to 106) the COD 119 

concentration in the wastewater was doubled, resulting in an OLR of 20.0 g COD L-1 d-1. 120 

Finally, the concentration was set back to the original value of Phase 1 in Phase 3 (day 106 to 121 

127). No sludge was removed during the entire experimental period, and, therefore, the 122 

reactors were operating at an infinite high sludge retention time (SRT). The pH was 123 

controlled by adjusting the lower level (minimum pH) with a 1M NaOH solution, and 124 
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monitored continuously, while biogas production and composition, conductivity, volatile fatty 125 

acid (VFA) concentrations, and total and soluble COD were analysed three times per week. In 126 

parallel, influent samples were taken three times per week for pH, VFA, conductivity, and 127 

total and soluble COD analysis. Gas production was monitored by means of an in-house 128 

constructed gas meter based in oil displacement, and reported at standard temperature (273 K) 129 

and pressure (101325 Pa) conditions. Samples for cation analysis were taken every 2-3 weeks 130 

from the reactors. Samples for DNA extraction were taken from the inoculum and the reactors 131 

on day 76 and 127, and stored at -20°C until analysis. 132 

 133 

2.2.2. Experiment 2: effect of conductivity and HRT 134 

The same experimental set-up as in experiment 1 was used, though in this case the reactors 135 

had a liquid volume of 3.25 L. Two UASB reactors were operated for a period of 75 days 136 

without pH control. Both reactors were seeded with inoculum until a sludge concentration of 137 

10 g VS L-1 was reached. After an adaptation period of 21 days, during which both reactors 138 

were fed with the same influent, in one reactor (UASB-HRT) the OLR was increased by 139 

decreasing the HRT, keeping the COD concentration in the feed constant, while in the other 140 

reactor (UASB-Cond) the OLR was increased by increasing the COD concentration in the 141 

feed, keeping the HRT constant (Table 3). Similar to experiment 1, no sludge was removed 142 

during the experimental period. Sampling was performed as in experiment 1. Samples for 143 

DNA extraction were taken from the inoculum and the reactors on day 75, and stored at -20°C 144 

until analysis. Samples for particle size distribution (PSD) analysis were also taken from the 145 

inoculum and the reactors on day 75.  146 

 147 

2.3. Microbial community analysis 148 

The extraction of DNA was performed following the protocol of Vilchez-Vargas et al. (2013). 149 
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The quality of the DNA extracts was evaluated visually by agarose gel electrophoresis.  150 

A StepOnePlus Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) was used 151 

for the real-time PCR analysis. For each DNA extract a 100-fold dilution was made, and 152 

analysed in triplicate. The real-time PCR program was carried out as previously described 153 

(Desloover et al. 2015), using the primers for the methanogenic populations described by Yu 154 

et al. (2005), and total bacteria described by Ovreas et al. (1997). The results were represented 155 

as copies per gram of wet sludge. The quality of the real-time PCR analysis was confirmed by 156 

the different parameters that were obtained during processing of the data with the 157 

StepOnePlus software V2.3 (Table S2). 158 

The DNA extracts were diluted with nuclease-free water to 1 ng DNA µL-1, and sent to LGC 159 

Genomics GmbH (Berlin, Germany) for sequencing. The preparation of the libraries for the 160 

Illumina platform (MiSeq), amplicon sequencing, and final data processing were carried out 161 

as described in SI (S4). 162 

 163 

2.4. Particle size distribution 164 

Particle size distribution (PSD) analysis of the sludge samples was carried out using a 165 

Mastersizer S (Malvern Instruments, Malvern, UK) with a 1000F lens. Before measurement, 166 

the sample was added to the MS-17 wet sample dispersion unit to obtain an obscuration 167 

between 10 and 30%. The real and imaginary refractive indices for the particles were fixed at 168 

1.596 and 0.100, respectively, whereas the dispersant refractive index was set at 1.333. The 169 

results were calculated using the “polydisperse” analysis model in the Mastersizer software, 170 

yielding a PSD between 4 and 3500 µm. Each sample was measured in triplicate. A PSD was 171 

determined of the inoculum and final sludge of the reactors in experiment 2. 172 

 173 

 174 
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2.5. Analytical techniques 175 

Total and volatile solids (TS, VS), total and volatile suspended solids, total ammonia nitrogen 176 

(TAN), total Kjeldahl nitrogen (TKN), and total COD were determined according to Standard 177 

Methods (Greenberg et al. 1992). The pH was measured using a C532 pH meter (Consort, 178 

Turnhout, Belgium), and conductivity was measured by means of a C833 conductivity meter 179 

(Consort, Turnhout, Belgium). The free ammonia concentration (NH3) was calculated from 180 

the TAN concentration, pH and temperature in the reactor (Anthonisen et al. 1976). Sodium, 181 

potassium, calcium, and magnesium were measured by means of ion chromatography (IC, 182 

Metrohm IC 761, Herisau, Switzerland) with a Metrosep C6 – 250/4 column and Metrosep C4 183 

Guard/4.0 guard column. A solution containing 1.7 mM HNO3 and 1.7 mM dipicolinic acid 184 

was used as eluent. Samples were filtered over a 0.45 µm filter (type PA-45/25, Macherey-185 

Nagel, Germany) to retain solids, and diluted with milli-Q water, if necessary. Biogas 186 

composition was analysed by a compact GC (Global Analyser Solutions, Breda, The 187 

Netherlands), as described in SI (S5). The different VFA concentrations were measured by 188 

gas chromatography, as described in SI (S5). 189 

 190 

2.6. Statistical analysis 191 

Statistical analysis of the operational data of the two reactors both in experiment 1 and 2 was 192 

implemented using the SPSS Statistics 21 software (IBM Corp., Belgium). The normality and 193 

homoscedasticity were evaluated by means of the Shapiro-Wilk and Levene test, respectively. 194 

A non-parametric Wilcoxon signed-rank test was used to compare the two reactors in both 195 

experiments, as normality and homoscedasticity of the operational data could not be 196 

confirmed.197 
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3. Results 198 

3.1. Effect of pH and organic loading rate on methane and VFA production 199 

During experiment 1 the OLR was increased at similar rates in both reactors, while pH was 200 

set a lower set-point of 6.5 in UASB-6.5 and 5.5 in UASB-5.5. The pH remained higher than 201 

7.0 until day 97 of the experiment, due to the fact that VFA production was insufficient to 202 

decrease pH (Figure S2). On day 99, fourteen days after the OLR was increased (Table 2), the 203 

pH dropped, and was maintained around 6.5 in UASB-6.5, while it only reached 6.3 in 204 

UASB-5.5. During the first 97 days, methane production showed a gradual increase, in 205 

relation to the increase in OLR, to a maximum value of 4.17 L CH4 L
-1 d-1 in UASB-6.5 and 206 

4.69 L CH4 L-1 d-1 in UASB-5.5. Methane production strongly decreased after day 97 to 207 

average values of only 0.25 L CH4 L
-1 d-1 in UASB-6.5 and 0.15 L CH4 L

-1 d-1 in UASB-5.5 208 

at the end of the experiment, due to the sudden increase in feed concentration and OLR (Table 209 

2), and was significantly lower (P = 0.046) in UASB-5.5 compared to UASB-6.5, although 210 

pH was only 0.2 units lower (Figure 1a).  211 

The total VFA concentration remained below a value of 7.0 g COD L-1 in both reactors, yet, 212 

after the increase in the feed concentration on day 86, VFA concentration strongly increased 213 

to maximum values of 32.3 g COD L-1 in UASB-6.5 and 38.4 g COD L-1 in UASB-5.5 214 

(Figure 2a and b). Although no significant difference (P = 0.06) was observed in total VFA 215 

concentration between the two reactors, the composition did significantly differ between the 216 

two reactors. The fraction of acetate (P = 0.019) and propionate (P = 0.023) was higher in 217 

UASB-6.5, with values of 44.3 ± 7.1 % and 17.6 ± 4.6 %, respectively, compared to UASB-218 

5.5, with values of 35.4 ± 4.0 % and 13.2 ± 1.7 %, while butyrate reached a higher (P = 219 

0.003) value of 46.1 ± 7.0 % in UASB-5.5 (actual pH of 6.3), compared to only 33.6 ± 10.4 % 220 

in UASB-6.5.  221 

The conductivity, which can be considered a measurement of the salinity in the reactor, 222 
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showed no significant differences (P = 0.235 between day 0 and 97 and P = 0.125 between 223 

day 98 and 127) between the two reactors, as feed composition was the same (Figure 3a). 224 

Conductivity remained below a value of 30 mS cm-1 until day 86, when an increase in feed 225 

concentration resulted in an increase in conductivity up to 45 mS cm-1. The elevated 226 

conductivity was mainly due to the high potassium concentrations that accumulated up to 7.87 227 

g L-1 in UASB-6.5 and 8.20 g L-1 in UASB-5.5 (Figure 4a), while the sodium concentration 228 

remained below 0.5 g L-1, TAN concentration below 1.5 g N L-1, and free ammonia 229 

concentration below 60 mg N L-1 in both reactors (Figure S3, S4 and S5). The increase in 230 

conductivity caused sludge granule disintegration and biomass washout (data not shown), 231 

which is why the OLR was halved again at day 107 by decreasing the feed concentration, 232 

keeping HRT constant (Table 2). This was carried out without modifying the pH or VFA 233 

concentration in the feed, but no recovery could be obtained. 234 

 235 

3.2. Effect of hydraulic retention time and salinity on methane and VFA production 236 

The results of experiment 1 indicated that an increase in conductivity could be responsible for 237 

the inhibition for methanogenesis and subsequent increase in VFA. Experiment 2 was 238 

designed to evaluate this. During the first 21 days of the experiment the HRT and salinity 239 

were maintained similar in both reactors, which resulted in similar pH (Figure S2) and 240 

methane production (Figure 1b) values, with no significant differences (P = 0.257 & 0.26, 241 

respectively). After day 21, an increase in molasses concentration in the feed of UASB-Cond, 242 

compared to a decrease in HRT in UASB-HRT, resulted in a significant lower (P = 0.001) 243 

methane production in UASB-Cond (Figure 1b), indicating that a high salinity leads to the 244 

inhibition of methanogenesis.  245 

The total VFA concentration was significantly higher (P < 0.001) in UASB-Cond with a 246 

maximum value of 39.7 g COD L-1, compared to UASB-HRT with a maximum value of 14.7 247 
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g L-1, as was the case for the acetate (P < 0.001) and butyrate (P < 0.001) concentration, yet, 248 

propionate concentration was not significantly different (P = 0.236) between the reactors 249 

(Figure 2c and d). A maximum acetate and butyrate concentration of 13.8 and 24.2 g COD L-250 

1, respectively, was obtained in UASB-Cond, while this was only 6.8 and 5.3 g COD L-1, 251 

respectively, in UASB-HRT. The average acetate fraction from day 21 on was similar in 252 

UASB-Cond (40.3 ± 8.3 %) and UASB-HRT (39.6 ± 7.2), but the propionate fraction was 253 

lower in UASB-Cond (12.7 ± 10.2 %) compared to UASB-HRT (26.2 ± 5.4 %), while 254 

butyrate was higher in UASB-Cond (37.5 ± 17.3 %) compared to UASB-HRT (25.1 ± 6.3 %). 255 

The conductivity was not significantly different (P = 0.26) between the two reactors in the 256 

first 21 days of the experiment, yet, when the feeding protocol was changed on day 21, this 257 

led to a significant increase (P < 0.001) in conductivity in UASB-Cond compared to UASB-258 

HRT (Figure 3b). The maximum conductivity in UASB-HRT was 30.4 mS cm-1, while a 259 

maximum concentration of 49.5 mS cm-1 was measured in UASB-Cond. As in experiment 1, 260 

the measured conductivity was caused mainly by the high maximum potassium 261 

concentrations of 12.24 and 5.42 g L-1 in UASB-Cond and UASB-HRT, respectively (Figure 262 

4b). The sodium concentration remained below 0.90 g L-1 in both reactors, while the TAN 263 

concentration remained below 1.50 g L-1 in UASB-HRT and 2.00 g N L-1 in UASB-Cond 264 

(Figure S3 and S4). The free ammonia concentration remained below 40 mg N L-1 in both 265 

reactors. The effect of conductivity on the sludge granule integrity was also observed in this 266 

experiment, and is further developed in the following section. 267 

 268 

3.3. Macroscopic sludge property dynamics 269 

Particle size distribution analysis was carried out of the inoculum sample and the final reactor 270 

sludge samples (day 75) of UASB-HRT and UASB-Cond of experiment 2. The inoculum 271 

sludge sample consisted of dense granules with an average mass-weighted diameter of 1290 ± 272 
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38 µm, while in the final sludge samples this was only 210 ± 25 µm in UASB-HRT and 54 ± 273 

2 µm in UASB-Cond (Figure 5). This indicates a strong level of disintegration or 274 

degranulation of the sludge in both reactors during the experimental period, yet, the 4-times 275 

lower value in UASB-Cond compared to UASB-HRT indicates that granule structure was 276 

more affected in UASB-Cond. This higher level of sludge disintegration was also reflected in 277 

a higher concentration of volatile suspended solids in UASB-Cond, compared to UASB-HRT 278 

(Figure S6). The effluent volatile suspended solids concentration increased from 1.64 ± 1.00 g 279 

L-1 on day 14 to a maximum value of 3.25 ± 0.54 g L-1 on day 75 in UASB-HRT, while a 280 

much stronger increase was observed in UASB-Cond, from 1.41 ± 0.35 g L-1 on day 14 to 281 

10.61 ± 1.94 g L-1 on day 70, indicating wash-out of the sludge. 282 

 283 

3.4. Microbial community composition 284 

3.4.1. Real-time PCR analysis 285 

Real-time PCR revealed a similar total Bacteria and total methanogens abundance in the 286 

inoculum, compared to the final samples of UASB-5.5 and UASB-6.5 of experiment 1 287 

(Figure S7). Within the methanogens, the Methanosaetaceae and Methanobacteriales also 288 

maintained similar levels, yet, the Methanomicrobiales showed a slight decrease in UASB-6.5 289 

and UASB-5.5, compared to the inoculum (Figure 6). 290 

In experiment 2, UASB-Cond and UASB-HRT reactor samples showed a 10-fold increase, 291 

both in total bacteria and total methanogens abundance, compared to the inoculum, yet, no 292 

difference between the two reactors was observed (Figure S7). However, the methanogenic 293 

groups greatly differed between the two reactors in the reactor sludge at the end of the 294 

experiment, as Methanomicrobiales abundance increased to value of 2.7 × 109 ± 2.5 × 108 295 

copies g-1 in UASB-Cond, while this was only 5.6 × 107 ± 1.0 × 107 copies g-1 in UASB-HRT 296 

(Figure 6). In contrast, both Methanosaetaceae and Methanobacteriales reached higher values 297 
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in UASB-HRT, compared to UASB-Cond.  298 

The methanogenic community in UASB-HRT was similar in the reactor sludge, compared to 299 

the sludge present in the effluent. In contrast, UASB-Cond had a much higher 300 

Methanomicrobiales abundance of 2.7 × 109 ± 2.5 × 108 copies g-1 in the reactor sludge, while 301 

only 1.0 × 108 ± 1.0 × 107 copies g-1 were observed in the effluent, indicating a clear 302 

difference in methanogenic community composition between reactor sludge and effluent in 303 

UASB-Cond, which was also confirmed by principal coordinate analysis and hierarchal 304 

clustering of the Bray-Curtis dissimilarity indices of the methanogenic community (Figure S8 305 

and S9). No Methanosarcinaceae were detected in any of the samples. 306 

 307 

3.4.2. Bacterial community analysis based on 16S rRNA gene sequences  308 

Bacterial community of the inoculum and final reactor sludge samples of UASB-Cond and 309 

UASB-HRT resulted in a total of 12,307 reads and 290 different operational taxonomic units 310 

(OTUs). Rarefaction curves were generated to evaluate coverage of the bacterial community 311 

(Figure S10). Bacterial richness was clearly lower in UASB-Cond (82 OTUs), compared to 312 

UASB-HRT (120 OTUs) and the inoculum (142 OTUs). In addition, bacterial diversity was 313 

similar in UASB-HRT and the inoculum, but lower in UASB-Cond, based on both the 314 

Shannon (3.84 for the Inoculum, 2.57 for UASB-Cond and 3.46 for UASB-HRT) and 315 

Simpson (0.94 for the Inoculum, 0.83 for UASB-Cond and 0.93 for UASB-HRT) indices of 316 

diversity. The bacterial community in each of the three samples completely differed from 317 

each other, based on the Bray-Curtis dissimilarity indices of the relative OTU abundances. A 318 

similarity of only 1.9 and 3.8 % was observed between the inoculum and the final samples of 319 

UASB-Cond and UASB-HRT, respectively, but also only 12.8 % similarity was observed 320 

between UASB-Cond and UASB-HRT, indicating a complete change in bacterial community 321 

composition in the two reactors, in relation to each other and the inoculum. The dominant 322 
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bacterial populations belonged to the Actinobacteria, Bacteroidetes, Firmicutes and 323 

Proteobacteria phyla, yet, clear difference were observed between the samples (Figure 7). In 324 

the inoculum samples, there was a main dominance of Proteobacteria, represented by OTU2 325 

(Sulfurovum, 20.7 %) and OTU16 (Methylobacter, 5.3 %). In contrast, both UASB-Cond and 326 

UASB-HRT were dominated by Bacteroidetes and Firmicutes. The main OTUs in UASB-327 

Cond were OTU1 (unclassified Enterococcaceae, 36.8 %), OTU5 (unclassified 328 

Porphyromonadaceae, 12.2 %), OTU6 (unclassified Bacteroidales, 9.5 %), and OTU7 329 

(Clostridium, 9.3 %), while the main OTUs in UASB-HRT were OTU3 (unclassified 330 

Bacteroidetes, 19.6 %), OTU4 (Desulfovibrio, 9.1 %) and OTU8 (Olsenella, 8.7 %). 331 

332 
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4. Discussion 333 

An increase in OLR did not strongly affect methanogenesis, yet, an increase in overall salinity 334 

to a value higher than 30 mS cm-1 resulted in a complete inhibition of methanogenesis. This 335 

also affected granular sludge stability, which resulted in a wash-out of the sludge and a clear 336 

shift in microbial community composition. A similar methanogenic community was observed 337 

in the effluent and reactor sludge of UASB-HRT, while there was a clear enrichment of 338 

Methanomicrobiales in the reactor sludge of UASB-Cond, compared to the effluent.  339 

 340 

4.1. Salinity is the key parameter for selective inhibition of methanogenesis 341 

A strong increase in OLR usually results in an uncoupling of the acidogenesis/acetogenesis 342 

and methanogenesis process, related to the low growth rate of the methanogens, which results 343 

in the accumulation of VFA and a subsequent decrease in pH (De Vrieze et al. 2012, Gujer 344 

and Zehnder 1983). A mere increase in OLR by decreasing the HRT, keeping all other 345 

parameters constant, did not result in a complete inhibition of methanogenesis. In UASB-5.5, 346 

UASB-6.5 and UASB-Cond inhibition of methanogenesis was achieved by increasing the 347 

OLR, but only by increasing the molasses feed concentration. The main issue related to many 348 

biorefinery wastewaters, which contain high salt concentrations and high buffering capacity, 349 

is that VFA production does not cause a decrease in pH to suboptimal values for methane 350 

production. In these experiments, the pH did not decrease below a value of 6.3 in any of the 351 

reactors, as observed earlier for anaerobic digesters treating molasses wastewaters that 352 

experienced severe VFA accumulation (De Vrieze et al. 2014a, De Vrieze et al. 2014b). 353 

Although a pH value of 6.3 is outside of the optimal range for methanogens (Appels et al. 354 

2008, Gujer and Zehnder 1983), it was insufficient to permanently and/or completely inhibit 355 

them (De Vrieze et al. 2015a, Goux et al. 2015, Regueiro et al. 2015, Staley et al. 2011). An 356 

increase in feed concentration, which caused an increase in salinity in the reactor, did inhibit 357 
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methanogenesis, as observed in UASB-5.5, UASB-6.5 and UASB-Cond. The shift from 358 

methanogenesis to carboxylate production in each of these reactors coincided with the 359 

increase of conductivity above the apparent threshold level of 30 mS cm-1 (De Vrieze et al. 360 

2012). The elevated potassium concentration in the molasses wastewaters might have resulted 361 

in an osmotic stress to the methanogens, which caused the inhibition of methane production 362 

(Feijoo et al. 1995, Oh et al. 2008). In addition, a decrease in conductivity below this 363 

threshold level, as carried out in UASB-5.5 and UASB-6.5 did not result in a revival of 364 

methanogenesis. Hence, long-term inhibition of methanogenesis, resulting in stable 365 

carboxylate production could be obtained by increasing overall conductivity above a value of 366 

30 mS cm-1. 367 

 368 

4.2. From methanogenesis to carboxylate production: a shift in bacterial community and 369 

selective retention of Methanomicrobiales  370 

A strong difference in bacterial community composition was observed in UASB-Cond, 371 

compared to UASB-HRT and the inoculum sample. This is in spite of the fact that anaerobic 372 

digestion, with the exception of methanogenesis, contains the same process steps as 373 

fermentation. Thus, the operational conditions related to fermentation, increased salinity and 374 

VFA concentrations, determined the outcome of the bacterial community composition (De 375 

Vrieze et al. 2015c, Krakat et al. 2011, Town et al. 2014). The shift from methane to 376 

carboxylate production was also associated with a decrease in bacterial evenness and richness, 377 

which can be considered a reflection of more selective conditions for the microbial 378 

community involved in the process, and potentially lower functional resilience (Carballa et al. 379 

2015, Goux et al. 2015, Werner et al. 2011, Wittebolle et al. 2009). 380 

The difference in bacterial community between UASB-Cond and UASB-HRT was also 381 

reflected in the methanogenic community. The UASB-HRT was able to maintain methane 382 
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production, with the exception of the last 15 days of the experiment when an OLR of 24.0 ± 383 

2.1 g COD L-1 d-1 was applied. This relates to the increased abundance of Methanosaetaceae 384 

and Methanobacteriales of which the former are regarded as crucial for stable methanogenesis 385 

in UASB systems (Hulshoff Pol et al. 2004, Kim et al. 2015), and the latter of high 386 

importance in high-rate systems (Bialek et al. 2011, De Vrieze et al. 2015c). In contrast, 387 

UASB-Cond showed a selective enrichment of Methanomicrobiales in the reactor itself, 388 

demonstrated by the fact that effluent sludge had a much lower relative and absolute 389 

abundance in Methanomicrobiales. This differed from UASB-HRT in which methanogenic 390 

community abundance was similar in the reactor and effluent samples. Methanomicrobiales 391 

are, similar to Methanobacteriales, often observed at deteriorating conditions, i.e. the 392 

accumulation of VFA, in AD (Hao et al. 2013, Leite et al. 2015, Munk et al. 2010). However, 393 

while Methanobacteriales could be correlated to biogas production in AD, this was not the 394 

case for Methanomicrobiales (De Vrieze et al. 2015c). The selective retention of 395 

Methanomicrobiales during high VFA and methane production inhibitory conditions points to 396 

an alternative role of Methanomicrobiales, in addition to methane production, and warrants 397 

further investigation. 398 

 399 

4.3. Towards practical applications to achieve high-rate carboxylate production 400 

Salinity was demonstrated as a key parameter to shift anaerobic digestion from 401 

methanogenesis to fermentation. Considering that waste streams, such as molasses 402 

wastewaters have a high salinity to begin with, this may be advantageous towards their 403 

conversion to carboxylates. A major problem encountered during the fermentation process 404 

was, however, the degranulation of the sludge, which led to a subsequent wash-out of 405 

biomass. This could be attributed to the high concentration of monovalent cations, in this case 406 

potassium, that could affect the structure of the sludge, as also observed in activated sludge 407 
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systems (Higgins and Novak 1997, Kara et al. 2008). This is in contrast with divalent cations 408 

that assist in granule formation (Liu et al. 2002, Tiwari et al. 2006). To maintain a sufficient 409 

amount of active biomass, and to produce a clean effluent, efficient biomass retention is 410 

required. However, the application of liquid waste streams, such as biorefinery wastewaters, 411 

require an uncoupling of the sludge retention and hydraulic retention time, as is the case in 412 

UASB systems, to maintain high carboxylate production rates. An anaerobic membrane 413 

bioreactor system could be a suitable alternative, as both technologies are applied for liquid 414 

waste streams, such as biorefinery wastewaters. An other approach could be the application of 415 

a pulse in salinity prior to the start-up of the UASB reactor or the addition of divalent cations 416 

to inhibit methanogenesis, but to prevent biomass from washing out. 417 

418 
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5. Conclusions 419 

We have demonstrated that carboxylate production can be accomplished through the 420 

fermentation of biorefinery wastewaters. Salinity served as a key operational parameter to 421 

permanently shift anaerobic digestion from methane to carboxylate production. This was 422 

reflected in a strong shift in bacterial community and a selective enrichment of 423 

Methanomicrobiales. The simplicity of this approach will allow fast application in full-scale 424 

systems, yet, it will first require the biomass wash-out barrier to be overcome. 425 

426 



 21 

Acknowledgments 427 

J.D.V. is supported as postdoctoral fellow by the Research Foundation Flanders (FWO-428 

Vlaanderen). M.C. received support from the Ghent University Multidisciplinary Research 429 

Partnership (MRP) “Biotechnology for a Sustainable Economy” (01 MRA 510W). K.R. is 430 

supported by the Flemish Fund for Scientific Research (FWO/MOST collaborative project). 431 

The authors kindly acknowledge Greet Van de Velde for her assistance with the IC analyses, 432 

Quenten Denon for his help with PSD analysis, and Tim Lacoere and Jana De Bodt for their 433 

assistance with the molecular work. The authors also would like to thank Pieter Candry, 434 

Ramon Ganigué and Amanda Luther for their useful suggestions, and carefully reading the 435 

manuscript. 436 

 437 

Data deposition: the sequences reported in this paper have been deposited in the European 438 

Nucleotide Archive (ENA) database (Accession numbers LT545685- LT545974). 439 

440 



 22 

References 441 

Agler, M.T., Wrenn, B.A., Zinder, S.H. and Angenent, L.T. (2011) Waste to bioproduct 442 

conversion with undefined mixed cultures: the carboxylate platform. Trends in Biotechnology 443 

29(2), 70-78. 444 

 445 

Andersen, S.J., Hennebel, T., Gildemyn, S., Coma, M., Desloover, J., Berton, J., Tsukamoto, 446 

J., Stevens, C. and Rabaey, K. (2014) Electrolytic Membrane Extraction Enables Production 447 

of Fine Chemicals from Biorefinery Sidestreams. Environmental Science & Technology 448 

48(12), 7135-7142. 449 

 450 

Anthonisen, A.C., Loehr, R.C., Prakasam, T.B.S. and Srinath, E.G. (1976) Inhibition of 451 

Nitrification by Ammonia and Nitrous Acid. Journal Water Pollution Control Federation 452 

48(5), 835-852. 453 

 454 

Appels, L., Baeyens, J., Degreve, J. and Dewil, R. (2008) Principles and potential of the 455 

anaerobic digestion of waste-activated sludge. Progress in Energy and Combustion Science 456 

34(6), 755-781. 457 

 458 

Bialek, K., Kim, J., Lee, C., Collins, G., Mahony, T. and O'Flaherty, V. (2011) Quantitative 459 

and qualitative analyses of methanogenic community development in high-rate anaerobic 460 

bioreactors. Water Research 45(3), 1298-1308. 461 

 462 

Carballa, M., Regueiro, L. and Lema, J.M. (2015) Microbial management of anaerobic 463 

digestion: exploiting the microbiome-functionality nexus. Current Opinion in Biotechnology 464 

33, 103-111. 465 

 466 

Chen, Y., Cheng, J.J. and Creamer, K.S. (2008) Inhibition of anaerobic digestion process: A 467 

review. Bioresource Technology 99(10), 4044-4064. 468 

 469 

Choi, S., Song, C.W., Shin, J.H. and Lee, S.Y. (2015) Biorefineries for the production of top 470 

building block chemicals and their derivatives. Metabolic Engineering 28, 223-239. 471 

 472 

De Vrieze, J., Gildemyn, S., Arends, J.B.A., Vanwonterghem, I., Verbeken, K., Boon, N., 473 

Verstraete, W., Tyson, G.W., Hennebel, T. and Rabaey, K. (2014a) Biomass retention on 474 

electrodes rather than electrical current enhances stability in anaerobic digestion. Water 475 

Research 54(0), 211-221. 476 

 477 

De Vrieze, J., Gildemyn, S., Vilchez-Vargas, R., Jáuregui, R., Pieper, D., Verstraete, W. and 478 

Boon, N. (2015a) Inoculum selection is crucial to ensure operational stability in anaerobic 479 

digestion. Applied Microbiology and Biotechnology 99(1), 189-199. 480 

 481 

De Vrieze, J., Hennebel, T., Boon, N. and Verstraete, W. (2012) Methanosarcina: The 482 

rediscovered methanogen for heavy duty biomethanation. Bioresource Technology 112, 1-9. 483 

 484 

De Vrieze, J., Hennebel, T., Van den Brande, J., Bilad, R.i.M., Bruton, T.A., Vankelecom, 485 

I.F.J., Verstraete, W. and Boon, N. (2014b) Anaerobic digestion of molasses by means of a 486 

vibrating and non-vibrating submerged anaerobic membrane bioreactor. Biomass and 487 

Bioenergy 68(0), 95-105. 488 

 489 



 23 

De Vrieze, J., Plovie, K., Verstraete, W. and Boon, N. (2015b) Co-digestion of molasses or 490 

kitchen waste with high-rate activated sludge results in a diverse microbial community with 491 

stable methane production. Journal of Environmental Management 152(0), 75-82. 492 

 493 

De Vrieze, J., Saunders, A.M., He, Y., Fang, J., Nielsen, P.H., Verstraete, W. and Boon, N. 494 

(2015c) Ammonia and temperature determine potential clustering in the anaerobic digestion 495 

microbiome. Water Research 75(0), 312-323. 496 

 497 

Desloover, J., De Vrieze, J., de Vijver, M.V., Mortelmans, J., Rozendal, R. and Rabaey, K. 498 

(2015) Electrochemical Nutrient Recovery Enables Ammonia Toxicity Control and Biogas 499 

Desulfurization in Anaerobic Digestion. Environmental Science & Technology 49(2), 948-500 

955. 501 

 502 

Deublein, D. and Steinhauser, A. (2008) Biogas from Waste and Renewable Resources: An 503 

Introduction, Wiley. 504 

 505 

Fang, C., Boe, K. and Angelidaki, I. (2011) Anaerobic co-digestion of desugared molasses 506 

with cow manure; focusing on sodium and potassium inhibition. Bioresource Technology 507 

102(2), 1005-1011. 508 

 509 

Feijoo, G., Soto, M., Mendez, R. and Lema, J.M. (1995) Sodium inhibition in the anaerobic 510 

digestion process: Antagonism and adaptation phenomena. Enzyme and Microbial 511 

Technology 17(2), 180-188. 512 

 513 

Goux, X., Calusinska, M., Lemaigre, S., Marynowska, M., Klocke, M., Udelhoven, T., 514 

Benizri, E. and Delfosse, P. (2015) Microbial community dynamics in replicate anaerobic 515 

digesters exposed sequentially to increasing organic loading rate, acidosis, and process 516 

recovery. Biotechnology for Biofuels 8, 18. 517 

 518 

Greenberg, A.E., Clesceri, L.S. and Eaton, A.D. (1992) Standard Methods for the 519 

Examination of Water and Wastewater American Public Health Association Publications, 520 

Washington. 521 

 522 

Gujer, W. and Zehnder, A.J.B. (1983) Conversion Processes in Anaerobic Digestion. Water 523 

Science and Technology 15(8-9), 127-167. 524 

 525 

Hao, L.P., Lu, F., Li, L., Wu, Q., Shao, L.M. and He, P.J. (2013) Self-adaption of methane-526 

producing communities to pH disturbance at different acetate concentrations by shifting 527 

pathways and population interaction. Bioresource Technology 140, 319-327. 528 

 529 

Higgins, M.J. and Novak, J.T. (1997) The effect of cations on the settling and dewatering of 530 

activated sludges: Laboratory results. Water Environment Research 69(2), 215-224. 531 

 532 

Hulshoff Pol, L.W., Lopes, S.I.D., Lettinga, G. and Lens, P.N.L. (2004) Anaerobic sludge 533 

granulation. Water Research 38(6), 1376-1389. 534 

 535 

Kara, F., Gurakan, G.C. and Sanin, F.D. (2008) Monovalent cations and their influence on 536 

activated sludge floc chemistry, structure, and physical characteristics. Biotechnology and 537 

Bioengineering 100(2), 231-239. 538 

 539 



 24 

Kim, T.G., Yun, J. and Cho, K.S. (2015) The close relation between Lactococcus and 540 

Methanosaeta is a keystone for stable methane production from molasses wastewater in a 541 

UASB reactor. Applied Microbiology and Biotechnology 99(19), 8271-8283. 542 

 543 

Kleerebezem, R. and van Loosdrecht, M.C.M. (2007) Mixed culture biotechnology for 544 

bioenergy production. Current Opinion in Biotechnology 18(3), 207-212. 545 

 546 

Krakat, N., Schmidt, S. and Scherer, P. (2011) Potential impact of process parameters upon 547 

the bacterial diversity in the mesophilic anaerobic digestion of beet silage. Bioresource 548 

Technology 102(10), 5692-5701. 549 

 550 

Leite, A.F., Janke, L., Lv, Z.P., Harms, H., Richnow, H.H. and Nikolausz, M. (2015) 551 

Improved Monitoring of Semi-Continuous Anaerobic Digestion of Sugarcane Waste: Effects 552 

of Increasing Organic Loading Rate on Methanogenic Community Dynamics. International 553 

Journal of Molecular Sciences 16(10), 23210-23226. 554 

 555 

Liu, H., Wang, J., Wang, A.J. and Chen, J.A. (2011) Chemical inhibitors of methanogenesis 556 

and putative applications. Applied Microbiology and Biotechnology 89(5), 1333-1340. 557 

 558 

Liu, Y., Xu, H.L., Show, K.Y. and Tay, J.H. (2002) Anaerobic granulation technology for 559 

wastewater treatment. World Journal of Microbiology & Biotechnology 18(2), 99-113. 560 

 561 

McCormick, K. and Kautto, N. (2013) The Bioeconomy in Europe: An Overview. 562 

Sustainability 5(6), 2589-2608. 563 

 564 

Moraes, B.S., Zaiat, M. and Bonomi, A. (2015) Anaerobic digestion of vinasse from 565 

sugarcane ethanol production in Brazil: Challenges and perspectives. Renewable & 566 

Sustainable Energy Reviews 44, 888-903. 567 

 568 

Munk, B., Bauer, C., Gronauer, A. and Lebuhn, M. (2010) Population dynamics of 569 

methanogens during acidification of biogas fermenters fed with maize silage. Engineering in 570 

Life Sciences 10(6), 496-508. 571 

 572 

Oh, G., Zhang, L. and Jahng, D. (2008) Osmoprotectants enhance methane production from 573 

the anaerobic digestion of food wastes containing a high content of salt. Journal of Chemical 574 

Technology and Biotechnology 83(9), 1204-1210. 575 

 576 

Ovreas, L., Forney, L., Daae, F.L. and Torsvik, V. (1997) Distribution of bacterioplankton in 577 

meromictic Lake Saelenvannet, as determined by denaturing gradient gel electrophoresis of 578 

PCR-amplified gene fragments coding for 16S rRNA. Applied and Environmental 579 

Microbiology 63(9), 3367-3373. 580 

 581 

Parajuli, R., Dalgaard, T., Jorgensen, U., Adamsen, A.P.S., Knudsen, M.T., Birkved, M., 582 

Gylling, M. and Schjorring, J.K. (2015) Biorefining in the prevailing energy and materials 583 

crisis: a review of sustainable pathways for biorefinery value chains and sustainability 584 

assessment methodologies. Renewable & Sustainable Energy Reviews 43, 244-263. 585 

 586 

Posada, J.A., Patel, A.D., Roes, A., Blok, K., Faaij, A.P.C. and Patel, M.K. (2013) Potential 587 

of bioethanol as a chemical building block for biorefineries: Preliminary sustainability 588 

assessment of 12 bioethanol-based products. Bioresource Technology 135, 490-499. 589 



 25 

 590 

Poschl, M., Ward, S. and Owende, P. (2010) Evaluation of energy efficiency of various 591 

biogas production and utilization pathways. Applied Energy 87(11), 3305-3321. 592 

 593 

Regueiro, L., Lema, J.M. and Carballa, M. (2015) Key microbial communities steering the 594 

functioning of anaerobic digesters during hydraulic and organic overloading shocks. 595 

Bioresource Technology 197, 208-216. 596 

 597 

Ryan, D., Gadd, A., Kavanagh, J. and Barton, G.W. (2009) Integrated biorefinery wastewater 598 

design. Chemical Engineering Research & Design 87(9A), 1261-1268. 599 

 600 

Satyawali, Y. and Balakrishnan, M. (2008) Wastewater treatment in molasses-based alcohol 601 

distilleries for COD and color removal: A review. Journal of Environmental Management 602 

86(3), 481-497. 603 

 604 

Staley, B.F., de los Reyes, F.L. and Barlaz, M.A. (2011) Effect of Spatial Differences in 605 

Microbial Activity, pH, and Substrate Levels on Methanogenesis Initiation in Refuse. Applied 606 

and Environmental Microbiology 77(7), 2381-2391. 607 

 608 

Syutsubo, K., Onodera, T., Choeisai, P., Khodphuvieng, J., Prammanee, P., Yoochatchaval, 609 

W., Kaewpradit, W. and Kubota, K. (2013) Development of appropriate technology for 610 

treatment of molasses-based wastewater. Journal of Environmental Science and Health Part a-611 

Toxic/Hazardous Substances & Environmental Engineering 48(9), 1114-1121. 612 

 613 

Tiwari, M.K., Guha, S., Harendranath, C.S. and Tripathi, S. (2006) Influence of extrinsic 614 

factors on granulation in UASB reactor. Applied Microbiology and Biotechnology 71(2), 615 

145-154. 616 

 617 

Town, J.R., Links, M.G., Fonstad, T.A. and Dumonceaux, T.J. (2014) Molecular 618 

characterization of anaerobic digester microbial communities identifies microorganisms that 619 

correlate to reactor performance. Bioresource Technology 151, 249-257. 620 

 621 

Vanwonterghem, I., Jensen, P.D., Ho, D.P., Batstone, D.J. and Tyson, G.W. (2014) Linking 622 

microbial community structure, interactions and function in anaerobic digesters using new 623 

molecular techniques. Current Opinion in Biotechnology 27(0), 55-64. 624 

 625 

Verstraete, W. and Vlaeminck, S.E. (2011) ZeroWasteWater: short-cycling of wastewater 626 

resources for sustainable cities of the future. International Journal of Sustainable 627 

Development and World Ecology 18(3), 253-264. 628 

 629 

Vilchez-Vargas, R., Geffers, R., Suarez-Diez, M., Conte, I., Waliczek, A., Kaser, V.S., 630 

Kralova, M., Junca, H. and Pieper, D.H. (2013) Analysis of the microbial gene landscape and 631 

transcriptome for aromatic pollutants and alkane degradation using a novel internally 632 

calibrated microarray system. Environmental Microbiology 15(4), 1016-1039. 633 

 634 

Werner, J.J., Knights, D., Garcia, M.L., Scalfone, N.B., Smith, S., Yarasheski, K., Cummings, 635 

T.A., Beers, A.R., Knight, R. and Angenent, L.T. (2011) Bacterial community structures are 636 

unique and resilient in full-scale bioenergy systems. Proceedings of the National Academy of 637 

Sciences of the United States of America 108(10), 4158-4163. 638 

 639 



 26 

Wittebolle, L., Marzorati, M., Clement, L., Balloi, A., Daffonchio, D., Heylen, K., De Vos, 640 

P., Verstraete, W. and Boon, N. (2009) Initial community evenness favours functionality 641 

under selective stress. Nature 458(7238), 623-626. 642 

 643 

Xu, J., Guzman, J.J.L., Andersen, S.J., Rabaey, K. and Angenent, L.T. (2015) In-line and 644 

selective phase separation of medium-chain carboxylic acids using membrane electrolysis. 645 

Chemical Communications 51(31), 6847-6850. 646 

 647 

Yan X.X., Bilad, M.R., Gerards, R., Vriens, L., Piasecka, A. and Vankelecom, I.F.J. (2012) 648 

Comparison of MBR performance and membrane cleaning in a single-stage activated sludge 649 

system and a two-stage anaerobic/aerobic (A/A) system for treating synthetic molasses 650 

wastewater. Journal of Membrane Science 394-395, 49-56. 651 

 652 

Yu, Y., Lee, C., Kim, J. and Hwang, S. (2005) Group-specific primer and probe sets to detect 653 

methanogenic communities using quantitative real-time polymerase chain reaction. 654 

Biotechnology and Bioengineering 89(6), 670-679. 655 

656 



 27 

Tables:  657 

Table 1 Characteristics of the two batches of undiluted molasses that were used during 658 

experiment 1 and experiment 2. Each analysis was carried out in triplicate. BDL = below the 659 

limit of detection. FW = fresh weight. 660 

Parameter Unit Experiment 1 Experiment 2 

pH - 5.68 ± 0.01 5.71 ± 0.05 

TS g TS kg-1 FW 504.6 ± 0.0 565.8 ± 4.3 

VS g VS kg-1 FW 342.1 ±2.5 379.6 ± 3.1 

Total COD g COD kg-1 FW 445.1 ± 6.8 401.9 ± 7.5 

Conductivity mS cm-1 25.7 ± 0.1 26.1 ± 0.4 

Total VFA mg COD kg-1 FW 5808 ± 256 13960 ± 1042 

Acetic acid mg COD kg-1 FW 5670 ± 250 3873 ± 243 

Propionic acid mg COD kg-1 FW 139 ± 6  10048 ± 1013 

TAN g N kg-1 FW 1.52 ± 0.08 1.51 ± 0.05 

TKN g N kg-1 FW 20.78 ± 5.20 26.08 ± 0.76 

Na+ g kg-1 FW 2.02 ± 0.19 2.66 ± 0.05 

K+ g kg-1 FW 72.44 ± 2.08 85.91 ± 2.88 

Ca2+ g kg-1 FW BDL BDL 

Mg2+ g kg-1 FW 3.97 ± 0.34 4.28 ± 0.16 

COD: N ratio - 21.42 ± 5.37 15.41 ± 0.53 

TS:VS ratio - 1.48 ± 0.01 1.49 ± 0.02 

COD:VS ratio - 1.30 ± 0.02 1.06 ± 0.02 

661 
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Table 2 Operational parameters of UASB-5.5, set at low pH 5.5, and UASB-6.5, set at low 662 

pH 6.5. OLR = organic loading rate. 663 

Time (days) UASB-5.5 

 

UASB-6.5  

 HRT (days) OLR (g COD L-1 d-1) HRT (days) OLR (g COD L-1 d-1) 

1-14 5.8 ± 0.7 4.6 ± 0.6 7.4 ± 2.0 3.6 ± 1.0 

15-29 4.5 ± 0.3 5.9 ± 0.5 4.5 ± 0.2 5.9 ± 0.5 

30-42 3.4 ± 0.3 7.9 ± 0.8 3.2 ± 0.1 8.4 ± 0.6 

43-85 2.6 ± 0.2 10.1 ± 1.0 2.7 ± 1.5 9.9 ± 0.8 

86-106 2.7 ± 0.2 19.6 ± 2.6 2.8 ± 0.2 19.0 ± 2.5 

107-127 3.0 ± 1.0 10.0 ± 1.1 3.0 ± 0.7 9.7 ± 1.1 

664 
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Table 3 Operational parameters of UASB-HRT, with constant molasses feed concentration, 665 

and UASB-Conductivity, with constant HRT. OLR = organic loading rate. 666 

Time (days) UASB-HRT UASB-Conductivity 

 HRT (days) OLR (g COD L-1 d-1) HRT (days) OLR (g COD L-1 d-1) 

1-12 6.7 ± 0.1 4.2 ± 0.2 7.2 ± 0.1 4.0 ± 0.2 

13-21 4.3 ± 0.1 6.6 ± 0.3 4.2 ± 0.0 6.8 ± 0.4 

22-36 2.1 ± 0.2 10.5 ± 1.4 3.0 ± 0.1 9.5 ± 0.6 

37-54 1.5 ± 0.1 14.3 ± 1.5 3.3 ± 0.4 12.4 ± 1.7 

55-75 1.0 ± 0.0 24.0 ± 2.1 3.6 ± 0.5 15.8 ± 2.8 

667 
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Figures: 668 

 669 

Figure 1 Methane production rate in (a) experiment 1, and (b) experiment 2. 670 

671 
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 672 

Figure 2 Volatile fatty acid concentration and composition profiles in (a) UASB-6.5 and (b) 673 

UASB-5.5 in experiment 1, and (c) UASB-Cond and (d) UASB-HRT in experiment 2. 674 

675 
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 676 

Figure 3 Conductivity in (a) experiment 1, and (b) experiment 2. 677 

678 
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 679 

Figure 4 Potassium concentration in (a) experiment 1, and (b) experiment 2. 680 

681 
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 682 

Figure 5 Particle size distribution of the inoculum sludge sample, and the final samples after 683 

75 days of operation in UASB-Cond and UASB-HRT. 684 

685 
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 686 

Figure 6 Real-time PCR results of the Methanosaetaceae, Methanobacteriales and 687 

Methanomicrobiales in (a) the Inoculum and final reactor samples of UASB-6.5 and UASB-688 

5.5 in experiment 1, and (b) the Inoculum and final reactor and effluent samples of UASB-689 

Cond and UASB-HRT in experiment 2. 690 

691 
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 692 

Figure 7 Heatmap representing the bacterial phyla present in at least one of the three samples. 693 

The colour scale ranges from 0 to 60% relative abundance.  694 


