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Abstract 18 

The high volumes of sewage sludge produced have raised interests for simultaneous treatment and clean energy 19 

production, e.g. in the form of hydrogen. Pretreatment of sewage sludge is required to enhance microbial 20 

degradation and in turn hydrogen yield from sewage sludge. The potential of five substrate pretreatments, 21 
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individually and in combinations, to increase biohydrogen production from mixed primary and secondary 22 

sewage sludge at four incubation pH (5, 7, 9, and 11) was studied in batch assays. Alkali+ultrasonication 23 

pretreatment increased the hydrogen production almost 7 times (0.35 mmol H2/g VS) compared to untreated 24 

sewage sludge at initial pH 11. In general, higher hydrogen yields and lower acetate concentrations were 25 

obtained under alkaline conditions (pH 9 and 11), being more favorable for protein degradation and not 26 

favorable for hydrogen consumption via homoacetogenesis. Subsequently, fermentation of 27 

alkali+ultrasonication pretreated sewage sludge in a semi-continuous stirred tank reactor (CSTR) produced a 28 

maximum hydrogen yield of 0.1 mmol H2/g VS, three times higher than the yield obtained from alkali pretreated 29 

sludge. The gas produced in the CSTRs contained a low concentration of CO2 (< 5%), and is thus easily 30 

upgradable to biohydrogen.  31 

Statement of novelty 32 

In the present study, bio-hydrogen production from mixed primary and secondary sewage sludge collected from 33 

a local wastewater treatment plant was investigated. To enhance hydrogen production, different pretreatments, 34 

individually and in combinations, were used to increase the degradation of organics. Hydrogen production from 35 

pretreated sewage sludge was studied at different initial pH values in batch assays and the combination of 36 

pretreatment and incubation pH giving the maximum hydrogen yield was applied in semi-continuous reactor 37 

studies. To the best of our knowledge, such a systematic study of combined effect of pretreatment and 38 

fermentation pH on hydrogen production from sewage sludge has not been conducted before. 39 

Keywords: Alkali treatment, continuously stirred tank reactor (CSTR), dark fermentation, pretreatment, sewage 40 

sludge, ultrasonication 41 

1. Introduction 42 

Due to the increasing implementation of municipal wastewater treatment plants in the world, the amount of 43 

sewage sludge is expected to increase. In Finland, the Ministry of the Environment reported one million cubic 44 

meter of sewage sludge production annually (160 000 tons of dry solids) [1]. Sewage sludge has been identified 45 

as an abundant source for sustainable energy production due to the high percentage of energy-carrying 46 

molecules such as polysaccharides, proteins and lipids [2]. Sewage sludge is commonly stabilized using 47 

anaerobic digestion, with simultaneous biogas (CH4 + CO2) production. Compared to biogas, hydrogen has a 48 
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higher heating value and is a carbon free fuel. In addition, hydrogen can be used to power fuel cells and as 49 

chemical feedstock for food, petrochemical, metallurgical, and electronics processing industries [3].  50 

Sewage sludge has a lower hydrogen production potential than carbohydrate-rich substrates yielding less than 1 51 

mmol H2/g VS [4, 5] against the 5-10 mmol H2/g VS reported e.g. from agricultural waste [6] or food waste [7] . 52 

However, the necessity of treating the huge quantity of sludge generated and the increased concerns on 53 

greenhouse gas emissions are directing the research towards clean energy production, e.g. hydrogen, rather than 54 

methane. The main difficulty of dark fermentation of sewage sludge is the lack of readily fermentable substrates 55 

due to their encapsulation inside the cell membrane [5]. Pretreatment increases the availability of fermentable 56 

substrates for microorganisms by breaking the cells and releasing the fermentable substrates, thus increasing the 57 

hydrogen yield [5, 8]. Several pretreatment processes, including mechanical [9], thermal [10], chemical [11], or 58 

irradiation [12] have been proposed for increasing the suitability of sewage sludge for fermentation. Thermal 59 

and ultrasonication pretreatments have been widely applied to sewage sludge [13–15]. An alkaline pretreatment 60 

was shown to be more efficient than acidic pretreatment for solubilizing proteins [16], which comprise the main 61 

fraction (41%) of the organic material of sewage sludge [17]. Combining two pretreatments have been reported 62 

to increase sludge solubilization and consequently the available fermentable substrates leading to increased 63 

biogas yields [18–20]. However, no systematic study has been performed to compare the effects of different 64 

pretreatments, and their combinations, on dark fermentative hydrogen production from sewage sludge. 65 

Furthermore, most of the previous studies have been conducted in batch, whereas there are only few reported 66 

experiments in continuous reactors [21]. 67 

In dark fermentation, pH is one of the main factors affecting the hydrogen yield [22, 23]. Dark fermentation of 68 

carbohydrate rich substrates is usually performed at slightly acidic (<6) pH , which is favorable for hydrogen 69 

producing microorganisms [24] and can inhibit  competing microorganisms such as methanogenic archaea [25].  70 

However, though reported in a wide pH range (3.0 to 12.5) [16, 17], alkaline conditions have been shown to be 71 

preferable for dark fermentation of sewage sludge [21]. High pH enhances hydrolysis of proteins, which is 72 

abundant in sewage sludge, and the activity of alkalotrophic microorganisms producing hydrogen from the 73 

resulting amino acids [26]. Different pretreatments would result in different hydrolysis products, thereby 74 

requiring the activity of different bacteria, which can be active at different pH values [27]. Therefore, it is of 75 

interest to know the effect of incubation pH on hydrogen production from mixed sewage sludge after 76 

pretreatment.  77 
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The aim of this study was to evaluate the potential of different pretreatment methods to increase the availability 78 

of fermentable substrates for hydrogen production from mixed sewage sludge. To further enhance hydrogen 79 

production, combination of two pretreatments was used to increase the degradation of organics. Hydrogen 80 

production from pretreated sewage sludge was studied at different initial pH values in batch assays and the 81 

combination of pretreatment and pH giving the maximum hydrogen yield was applied in semi-continuous 82 

reactor studies. To the best of our knowledge, such a systematic study of combined effect of pretreatment and 83 

fermentation pH on hydrogen production from sewage sludge has not been conducted before. 84 

2. Materials and methods 85 

2.1. Substrate and inoculum 86 

A mixture of primary and secondary sludge, hereafter called mixed sewage sludge (Table 1), collected from the 87 

Viinikanlahti municipal wastewater treatment plant (Tampere, Finland), was used as the substrate. Activated 88 

sludge, collected from the secondary sedimentation tank of the same treatment plant was used as source of 89 

inoculum  for all the experiments. After collection, both activated sludge (5 L) and mixed sewage sludge (10 L) 90 

were sieved (1 mm mesh sieve) and kept at 4 °C before use within one month from collection. The activated 91 

sludge was pretreated by acidification with 5 M HCl (pH 3 for 24 hours and then neutralized with 4 M NaOH) 92 

followed by heating at 90°C (temperature was maintained at 90 °C for 30 min). This treatment was carried out 93 

in tubes of 10 mL containing 5 mL of activated sludge. The pretreated activated sludge is called inoculum 94 

hereafter (Table 1).  95 

2.2. Substrate pretreatment methods 96 

The mixed sewage sludge was pretreated in six different ways individually or in combination (heat, alkali, 97 

ultrasonication, autoclaving, alkali+ultrasonication, alkali+autoclaving) to increase the availability of 98 

fermentable substrates and in turn increase the hydrogen yield from the sewage sludge. Alkali pretreatment was 99 

done by increasing the pH of the mixed sewage sludge (2 L) to 12 with 4 M NaOH under continuous mixing for 100 

10 min, followed by static incubation at room temperature for 24 h, and then decreasing the pH back to 7 with 5 101 

M HCl. Ultrasonication pretreatment was done using a probe type ultrasonicator (Soniprep 150 Plus-Digital 102 

Ultrasonic Disintegrator, UK, 240V, probe 19 mm). A 250 mL sample of mixed sewage sludge was placed in a 103 

300 mL beaker and ultrasonicated for 30 min at a frequency of 20 kHz, with the ultrasonication probe immersed 104 

2 cm below the surface. Autoclaving was done by heating the mixed sewage sludge (1 L) to 121 °C under a 105 

pressure of 1.5 bar for 30 min in an autoclave (KSG-Sterilisatoren GmbH). Heat pretreatment was done by 106 
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heating the sludge in 10 mL tubes at 100 °C for 30 min without mixing. Combined pretreatments were done by 107 

application of the alkali pretreatment followed by neutralization and ultrasonication or autoclaving. 108 

2.3. Batch assays  109 

Biohydrogen production potential from the pretreated mixed sewage sludge was determined using 170 mL 110 

serum bottles filled with 8.5 mL of inoculum and 76.5 mL of pretreated mixed sewage sludge. Untreated mixed 111 

sewage sludge was used as the control. A blank test was done incubating serum bottles with 8.5 mL of inoculum 112 

and 76.5 mL Milli-Q water. To study the effect of initial pH on hydrogen production from the differently 113 

pretreated mixed sewage sludge, the incubation pH was adjusted to different pH values, for each pretreatment, 114 

namely, 5.0, 7.0, 9.0 or 11.0 with either 5 M HCl or 4 M NaOH.  115 

All the batch bottles were purged with nitrogen for 3 min before incubating them at 37 °C in a shaking incubator 116 

rotating at 150 rpm. The overpressure due to gas expansion was removed two hours after incubation with a 117 

syringe to avoid interference in the measurement of gas production. All the batch experiments were done in 118 

triplicate.  119 

2.4. CSTR setup and operation 120 

Two glass CSTRs [28], 1.0 L working volume each, were operated for hydrogen production from mixed sewage 121 

sludge. The reactors were equipped with three sampling or feeding ports in the side and a bottom port for sludge 122 

removal. Four ports on the top of the reactor were used for gas collection, temperature and pH monitoring, and 123 

manual titration. The CSTR content was mixed mechanically at 80 rpm. Temperature was maintained at 37 °C 124 

using a water jacket. The gas generated was collected in 500 mL aluminum gas-bags (Supel™ Inert Foil Gas 125 

Sampling Bags, Supelco, USA).  126 

The inoculum (100 mL) and pretreated mixed sewage sludge (900 mL) were mixed and the pH was adjusted to 127 

10.0 with 4 M NaOH prior to addition to the CSTR. The CSTRs were fed with mixed sewage sludge pretreated 128 

by either alkali or alkali+ultrasonication, and operated in batch mode for four days and then in semi-continuous 129 

mode. Feeding was done five times per week by removing 175 mL of mixed sewage sludge from the bottom of 130 

the CSTR and adding the same volume of substrate from the middle side port. The organic loading rate (OLR) 131 

was set to 2.2 ± 0.2kg VS/m3∙d, resulting in a hydraulic retention time (HRT) of 8.0 days. Reactor content was 132 

maintained at pH 10 (± 0.4) by manual daily addition of 1 M NaOH. 133 
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2.5. Analysis and calculations 134 

Gas production in the batch bottles was quantified every day by a syringe method [29]. Gas produced in the 135 

CSTRs was measured by water displacement method every working day. The gas composition was analyzed 136 

with a Shimadzu gas chromatograph (GC-2014) equipped with a Porapak N column (80/100 mesh) and a 137 

thermal conductivity detector according to Nissilä et al. [30]. Cumulative H2 and CO2 production were 138 

calculated according to Logan et al. [31]. Volatile fatty acids (VFAs) present in the liquid samples after filtration 139 

(0.2 µm, Whatman) were measured with a gas chromatograph equipped with a flame ionization detector (GC-140 

FID) according to Dessì et al. [32] . Total chemical oxygen demand (CODtot) of inoculum and substrate and its 141 

soluble fraction (CODsol) were measured by a dichromate method according to the Finnish standard SFS-5504. 142 

Total solids (TS), volatile solids (VS), total Kjeldahl nitrogen (TKN) and soluble TKN (TKNsol) were measured 143 

according to APHA standard procedures [33]. For measuring CODsol and TKNsol, the samples were filtered at 144 

0.45 µm using filter paper (Whatman). Analysis of variance (ANOVA) and the Tukey test [34] at p = 0.05 were 145 

conducted using the IBM SPSS Statistics package to assess significant differences in the effect of pretreatments 146 

on hydrogen yield, pH and fermentation broth composition. 147 

3. Results and discussion 148 

3.1. Effect of pretreatments on the composition of mixed sewage sludge 149 

To increase the availability of fermentable substrates, various pretreatments were applied on the mixed sewage 150 

sludge, both individually (heat, autoclaving, ultrasonication, and alkali) and in combination (alkali+autoclaving, 151 

and alkali+ultrasonication). All the individual pretreatments increased the soluble chemical oxygen demand 152 

(CODsol) by a factor of 1.3 – 1.6 (Table 2). The maximum increment was obtained upon alkali pretreatment with 153 

an increase of the CODsol from 6.8 to 10.6 g/L (Table 2). Increase in CODsol indicates more bioavailable organic 154 

matter for hydrogen production from sewage sludge. The total solids (TS) content of the mixed sewage sludge 155 

increased after alkali pretreatment (from 30.3 g/L to 38.2 g/L) because of the added NaOH which precipitated 156 

the solids. The TKNsol also increased by a factor of 1.7 – 2.3 after the pretreatments (Table 2). Alkali 157 

pretreatment resulted in the highest TKNsol (2.3 times higher than the raw sludge) due to protein solubilization 158 

[16]. Heat and autoclaving both resulted in a TKNsol 1.7 times higher than the raw sludge, whereas 159 

ultrasonication doubled TKNsol concentration from 0.3 to 0.6 g/L. However, it should be noted that evaporation 160 

during thermal and autoclaving pretreatments increased the measured CODsol and TKNsol.  161 
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Since alkali pretreatment resulted in the maximum increase of both CODsol and TKNsol, it was tested in 162 

combination with either autoclaving or ultrasonication. Both alkali+autoclaving and alkali+ultrasonication 163 

pretreatments further increased the CODsol 1.5 times compared to alkali pretreatment, and 2.5 times compared to 164 

the raw sludge (Table 2). Kim et al. [19] also observed a CODsol increase of 50% and 70% for alkali and 165 

alkali+ultrasonication pretreatments, respectively, than raw sludge. Although beneficial for substrate solubility, 166 

an energy balance between the energy required for the pretreatment and the increased energy production in form 167 

of biohydrogen should be considered for full-scale applications. 168 

Thermal pretreatment at 100 °C has been previously used for sludge hydrolysis, increasing CODsol from 30% 169 

(15 min) to 200% (45 min), as it breaks down the gel structure of the sludge, releasing the organic materials 170 

encapsulated in the cell walls into the liquid phase [10]. Autoclaving has also been reported to release the 171 

organic content of the sludge, increasing the CODsol around 2 folds compared to raw sludge [35]. Although the 172 

hydrolysis mechanism is similar for heat and autoclaving pretreatments, the higher temperature and pressure 173 

applied by autoclaving resulted in this study, in a 7% higher concentration of CODsol than heat pretreatment, 174 

while a similar TKNsol was obtained (Table 2). Ultrasonication leads to cavitation and breakdown of large 175 

cellular flocs into smaller particles, resulting in a discharge of cytoplasmic components in the liquid phase [9]. 176 

The solubility of proteins, which accounts for about 40% of the weight of sewage sludge [36], is reported to 177 

increase under alkaline conditions [11]. In fact, in this study, the alkaline pretreatment resulted in a higher 178 

CODsol and TKNsol after alkali pretreatment compared to the other individual pretreatments. 179 

3.2. Batch assays for bio-hydrogen production 180 

Biohydrogen production potential from the pretreated mixed sewage sludge was determined in batch assays at 181 

four different initial incubation pH values (5, 7, 9, 11). The different pretreatments of mixed sewage sludge and 182 

the different initial pH values resulted in different hydrogen yields in batch experiments (Fig.1). The maximum 183 

hydrogen yield after each pretreatment was significantly (P = 0.05) higher than the yield obtained with the raw 184 

mixed sludge (< 0.05 mmol H2 / g VSadded) (Fig. 1a). In general, the maximum hydrogen yields after the 185 

different pretreatments was obtained at an initial pH of 9 or 11 (Fig. 1), suggesting that alkaline conditions are 186 

preferable for hydrogen production from mixed sewage sludge. Fermentative microorganisms active at pH 5 can 187 

consume only carbohydrates [37], which account for only 14% of the sewage sludge by weight, while proteins 188 

account for the 41% [36]. With the higher initial pH values, the pH decreased from 11 to 9 or from 9 to 7 after 189 
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about 170 hours incubation (Fig. S1), whereas minor (< 1 unit) pH changes occurred in the batch assays with an 190 

initial pH of 5 or 7.  191 

Sewage sludge pretreated by ultrasonication produced a maximum of 0.3 ± 0.07 mmol H2 / g VS at an 192 

incubation pH 11 (Fig. 1b), but hydrogen production started only after the pH of the culture medium had 193 

reduced to 10 (Fig. S1). This suggests that some fermentative non-hydrogenic bacteria were active at pH 11, 194 

whereas hydrogen producers needed a slightly lower pH. Similar results were reported by Zhao et al. [17], who 195 

obtained the maximum hydrogen yield from sewage sludge (0.8 mmol H2/g VSS) in  batch experiments at initial 196 

pH 10.  197 

Hydrogen consumption, presumably by homoacetogenesis [38], was  observed after the heat treatment in the 198 

incubations at initial pH 5, 7, and 9 and after alkaline (individual or in combination) pretreatment at an initial pH 199 

of 5 and 7. With the exception of the ultrasonication pretreated sludge, a stable hydrogen yield, ranging between 200 

0.1 and 0.3  mmol H2 / g VSadded, was obtained in the incubations started at initial pH 11 (Fig. 1). This suggest 201 

that hydrogen consuming microorganisms can survive the pretreatments, but their activity is discouraged at high 202 

pH [21]. 203 

The highest hydrogen yields, without hydrogen consumption, were observed after alkali (0.25 ± 0.08) and 204 

alkali+ultrasonication (0.35 ± 0.14) pretreatments at initial pH 11 and after alkali+autoclaving (0.34 ± 0.02) at 205 

initial pH of 9 (Fig. 1). However, in the incubations with an initial pH of 11, hydrogen production started only 206 

after the pH dropped below 10 (Fig. S1).  The maximum hydrogen yield obtained combining alkali pretreatment 207 

to ultrasonication or autoclaving was higher than the yields obtained upon individual alkali pretreatment, likely 208 

due to the higher CODsol concentrations obtained after the combined pretreatments (Table 2). The hydrogen 209 

yield after alkali, alkali+ultrasonication and alkali+ autoclaving was around 5, 7 and 7 times higher, 210 

respectively, than that for raw sludge in this study. Such an increase in the hydrogen yield was higher than the 211 

increase reported by Cai et al. [16], who obtained a two times higher  hydrogen yield from sewage sludge after 212 

alkali pretreatment compared to raw sludge at an initial pH of 11.  213 

Acetate was the main liquid fermentation product, followed by propionate and butyrate. After fermentation at 214 

pH 5, the concentration of acetate from pretreated sludge was significantly higher (P = 0.05) than the one 215 

obtained from the raw sludge (Fig. 2), regardless of the pretreatment. Alkali pretreatment, alone or in 216 

combination, resulted in a significantly higher acetate production than raw sludge also after fermentation at pH 217 
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7, whereas no statistically significant difference was found at pH 9 or 11. In general, the concentrations of VFAs 218 

decreased with increasing incubation pH, regardless of the pretreatment applied (Fig. 2), which is in contrast 219 

with the results of Yuan et al. [11]. The higher concentration of acetate at initial pH 7 than 9 and 11, regardless 220 

of the pretreatment applied, is likely due to the suppression of homoacetogenesis at high initial pH [39]. The 221 

acetate concentration increased from 35 mM to about 50 mM in the batch bottles containing raw sewage sludge 222 

after 170 hours of incubation at different pH (Fig. 2a). There was almost no increase in propionate or butyrate 223 

concentration after the incubation. Acetate concentration reached up to 90 mM in the batches containing 224 

ultrasonicated and heat pretreated sludge after 170 hours of incubation at an initial pH of 5 (Fig. 2b and 2c), 225 

where however, no hydrogen production could be observed (Fig. 1b and 1c). Acetate concentrations of 90 – 110 226 

mM were obtained by dark fermentation of mixed sewage sludge pretreated by either alkali+ultrasonication or 227 

alkali+autoclaving at pH 5 (Fig. 2e and 2f), whereas hydrogen was not detected (Fig. 1e and 1f), suggesting a 228 

major role of homoacetogenesis at low pH. In fact, spore-forming homoacetogenic microorganisms survive 229 

pretreatments and can be active at pH 5 [39]. Furthermore, such high concentrations of VFAs can inhibit 230 

hydrogen producing bacteria [40]. Maximum acetate production of above 100 mM for alkali+ultrasonicated 231 

sludge at pH of 5, could be attributed to the increased CODsol available as substrate [39].  232 

Low methane production occurred in the incubations of raw mixed sewage sludge, at pH 7 and 9, which also 233 

contained potential methanogenic archaea, whereas the methane production was inhibited by all the 234 

pretreatments applied (Fig. S2). Methane production was suppressed at pH > 9, confirming that alkaline 235 

conditions are optimal for dark fermentation of mixed sewage sludge. 236 

3.3. Semi-continuous hydrogen production from pretreated mixed sewage sludge 237 

Based on the results obtained in the batch assays, alkali+ultrasonication pretreatment was selected as the best 238 

pretreatment and compared to alkali pretreatment for semi-continuous hydrogen production from mixed sewage 239 

sludge at pH 10 in CSTRs. Hydrogen yield from alkali pretreated mixed sludge remained low for about 24 days 240 

(3 HRTs). With alkali+ultrasonication pretreated sludge, a hydrogen production peak of 0.16 mmol H2/g VS 241 

occurred on the 4th day, after which the hydrogen yield decreased to 0.01 mmol H2/g VS by day 12 (Fig. 3). The 242 

hydrogen production peak on the 4th day was attributed to the high substrate available for fermentation, as the 243 

CSTRs were started-up with 100 mL inoculum and 900 mL alkali+ultrasonication pretreated sewage sludge. 244 

However, such a high substrate concentration in the start-up phase caused an accumulation of acetate up to 40 245 

mM (Fig. 4), resulting in a drop of the hydrogen yield (Fig. 3). This suggests that a combination of alkali and 246 
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ultrasonication pretreatments on sewage sludge increased the availability of substrate for fermentative 247 

microorganisms resulting in high acetate concentrations, which can inhibit hydrogen production. This can be 248 

avoided by starting the reactor with lower substrate to inoculum ratio and slowly increasing the loading rate. 249 

In both CSTRs, the hydrogen yield was not constant over the period of operation (Fig. 3), and did not correlate 250 

with the concentration of VFAs in the fermentation broth, particularly acetic acid (Fig. 4). The high 251 

concentration of acetate in the CSTRs, which exceeded 50 mM on days 20-28 in both CSTRs, suggests the 252 

occurrence of homoacetogenesis, which caused in return a low hydrogen yield in the CSTRs [38]. From day 28, 253 

a decrease in the acetate concentration to below 30 mM resulted in an increased hydrogen yield in the CSTR fed 254 

with alkali+ultrasonication pretreated sludge, whereas the hydrogen yield remained low in the CSTR fed with 255 

alkali pretreated sludge. This resulted in an average hydrogen yield of 0.01 ± 0.01 and 0.05 ± 0.02 mmol H2/g 256 

VS from sewage sludge pretreated with alkali and alkali+ultrasonication, respectively, on days 25-40 (Fig. 3). 257 

Nevertheless, the hydrogen yield in the CSTR was almost one third of the one obtained in batch with mixed 258 

sludge pretreated by alkali+ultrasonication. Similar results were reported by Wan et al., [21] who obtained a 259 

hydrogen yield of 0.85 mmol H2/g VSS from sewage sludge in batch versus 0.3 mmol H2/g VSS in continuous 260 

under thermophilic conditions (55 °C). 261 

Semi-continuous fermentation of pretreated mixed sewage sludge resulted in a slow pH decrease (from 10.0 to 262 

9.6 - 9.8) in 24 hours, after which the pH was manually adjusted back to 10. In dark fermentation of sewage 263 

sludge, the ammonia resulting from the hydrolysis of proteins buffers the production of VFAs [21], avoiding the 264 

drastic pH drop which typically occurs during dark fermentation of carbohydrates [32]. Acetate and propionate 265 

were the main VFAs produced in the fermentation process reaching concentrations up to 50 mM and 18 mM, 266 

respectively in both CSTRs (Fig. 4). This suggests that a share of the produced hydrogen was likely consumed 267 

by propionate producing bacteria, reducing the net hydrogen yield, as previously reported [21]. Butyrate, 268 

commonly produced at high concentrations by dark fermentation of carbohydrates [41], was found in small 269 

concentration (up to 5 mM), suggesting a minor role of the butyrate pathway on hydrogen production. In fact, 270 

the low hydrogen production (and thus, the hydrogen partial pressure) could have favoured hydrogen production 271 

through the acetate rather than the butyrate pathway [32]. 272 

A very low concentration of carbon dioxide (< 5%) was detected in the gas produced in the CSTRs. This can be 273 

attributed to the CO2/HCO3
-/CO3

2- equilibrium, leading to solubilization of CO2 in the form of HCO3
- and CO3

2-274 

under alkaline conditions. Similarly, Wan et al. [21]  obtained a 95% concentration of hydrogen by dark 275 
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fermentation of sewage sludge under alkaline conditions (pH 10.0). Production of such pure hydrogen would 276 

save additional steps for gas separation and purification facilitating its direct utilization and increasing its value.  277 

Dark fermentation can be integrated with, e.g. methane production process from sewage sludge. This would 278 

allow the reduction of the organic load of the dark fermentation effluent in the anaerobic digester. Further 279 

research is required to enhance the hydrogen yields from pretreated sewage sludge, which could be possible by 280 

starting the reactors with a lower load. In addition, for a two-stage system the HRT of both hydrogen and 281 

methane production stages has to be optimized. A two stage system would be advantageous since the VFAs 282 

produced from the first stage can be directly used by the methanogenic archaea.  283 

Conclusions 284 

The present study systematically evaluates, for the first time, the effect of different sewage sludge pretreatments 285 

and initial incubation pH values on dark fermentative hydrogen production from mixed sewage sludge. A 286 

combination of alkali and ultrasonication pretreatments increased hydrogen yield 7 times compared to untreated 287 

mixed sewage sludge, with a maximum yield of 0.35 mmol H2/ g VS in batch mode and 0.06 mmol H2/ g VS in 288 

semi-continuous mode. Production of acetate up to concentration of around 40 mM resulted in an unstable 289 

hydrogen production in CSTR, regardless of the sewage sludge pretreatment applied. The high-value gas 290 

generated (> 95% hydrogen) may increase the interest towards dark fermentation as a first step for the treatment 291 

of sewage sludge in a biorefinery concept. 292 
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Table 1: Characteristics of inoculum and mixed sewage sludge 403 

Parameters pH CODtot (g/l) 
CODsol 

(g/l) 

TKN 

(g/l) 

Protein 

(g/l) 

TS 

(g/l) 

VS 

(g/l) 

Inoculum 7.6 ± 0.2 15.3 ± 0.19 2.4 ± 0.70 1.3 8.3 27.0 14.1 

Mixed sewage 

sludge 
6.4 ± 0.18 31.7 ± 1.7 6.8 ± 0.11 1.2 7.4 30.3 17.9 

COD: chemical oxygen demand, tot: total, sol: soluble, TKN: total Kjeldahl nitrogen, TS: total solids, VS: volatile solids404 
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Table 2: Effect of different pretreatments on mixed sewage sludge characteristics 

The values in parenthesis for maximum H2 yield is the incubation pH at which the maximum yield was obtained. 

 

 

 

Parameter Raw 

Pretreatment 

Heat Autoclaving Ultrasonication Alkali 
Alkali+ 

Autoclaving 

Alkali+ 

ultrasonication 

pH 6.4 ± 0.18 6.1 5.8 6.2 11.4 10.4 11.0 

CODtot (g/l) 31.7 ± 1.7 32.3 ± 0.88 36.0 ± 3.16 30.9 ± 1.23 29.0 ± 0.0 32.6 ± 0.53 30.6 ± 1.23 

CODsol (g/l) 6.8 ± 0.11 8.7 ± 0.25 9.3 ± 0.11 9.1 ± 0.0 10.6 ± 0.21 16.5 ± 0.07 16.7 ± 0.11 

TS (g/l) 30.3 33.8 31.9 30.0 38.2 39.6 38.6 

VS (g/l) 17.9 19.9 18.8 17.6 18.9 19.2 18.6 

TKNtot (g/l) 1.2 1.7 1.5 1.4 1.4 1.3 1.3 

TKNsol  

(g/l) 
0.3 0.5 0.5 0.6 0.7 1.0 1.0 

Protein (g/l) 7.4 10.5 9.1 8.8 8.8 8.0 8.4 

Acetate 

(mM) 
35.2 37.5 40.2 36.8 23.4 30.3 24.3 

Propionate 

(mM) 
22.4 25.9 23.8 23.8 16.6 23.0 21.0 

Butyrate 

(mM) 
3.2 3.1 2.6 2.6 1.8 2.3 2.4 

Max H2 

yield 

(mmol/g 

VS) 

-- 
0.2 ± 0.11 

(9) 
-- 

0.3 ± 0.09  

(11) 

0.25 ± 0.11 

(11) 

0.34 ± 0.0 

(11) 

0.35 ± 0.17 

 (9) 
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Fig. 1 Hydrogen yield in batch assays from (a) raw and pretreated mixed sewage sludge at different initial pH 

values, (b) ultrasonication, (c) heat, (d) alkali, (e) alkali+ultrasonication and (f) alkali+autoclaving 
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Fig. 2 VFA concentration in batch assays for hydrogen production from (a) raw and pretreated mixed sewage 

sludge at different initial pH values, (b) ultrasonication, (c) heat, (d) alkali, (e) alkali+ultrasonication and (f) 

alkali+autoclaving. 

 

 

 

 

 

 

 

 

 



20 

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 10 20 30 40 50

H
2

y
ie

ld
 (

m
m

o
l 

H
2
/g

 V
S

)

Time (days)
Alkali+ultrasonication Alkali

 

Fig. 3 Hydrogen production in CSTRs fed with mixed sludge pretreated by alkali and alkali+ultrasonication.  
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Fig. 4 VFA profiles in CSTRs fed with mixed sewage sludge pretreated by (a) alkali and (b) alkali+ 

ultrasonication 

 

 

 

 


