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ABSTRACT:  Simultaneous sludge fermentation and nitrite removal is an effective approach to enhance 19 

nutrient removal from low carbon-wastewater.  It was found in this work that the presence of nitrite largely 20 

promoted hydrogen production from acidic fermentation of waste activated sludge (WAS).  The results 21 

showed that with an increase of nitrite from 0 to 250 mg/L, the maximal hydrogen yield increased from 8.5 to 22 

15.0 mL/g VSS at pH 5.5 fermentation and 8.1 to 13.0 mL/g VSS at pH 6 fermentation.  However, the 23 

maximal hydrogen yield from WAS fermentation at pH 8 remained almost constant (2.9 ~ 3.7 mL/g VSS) 24 

when nitrite was in the range of 0-250 mg/L.  Further analyses revealed that free nitrous acid (FNA) rather 25 

than nitrite was the major contributor to the promotion of hydrogen yield.  The mechanism investigations 26 

showed that FNA not only accelerated the disruption of sludge cells but also promoted the biodegradability of 27 

organics released, thereby provided more biodegradable substrates for subsequent hydrogen production.  28 

Although FNA inhibited activities of all microbes involved in the anaerobic fermentation, its inhibitions to 29 

hydrogen consumers were much severer than those to hydrolytic microorganisms and hydrogen producers.  30 

Further investigations with microbial community showed that FNA increased the abundances of hydrogen 31 

producers (e.g., Citrobacter sp.) and denitrifiers (e.g., Dechloromonas sp.), but reduced the abundances of 32 

hydrogen consumers (e.g., Clostridium_aceticum).  This work demonstrated for the first time that FNA in 33 

WAS fermentation systems enhanced hydrogen production.  The findings obtained expand the application 34 

field of FNA and may provide supports for sustainable operation of wastewater treatment plants. 35 

Keywords：：：：Waste Activated Sludge; Free nitrous acid; Anaerobic Fermentation; Biohydrogen Production 36 

1. Introduction 37 

Wastewater treatment plants (WWTPs) are widely used to prevent natural environment from pollution 38 

(Chen et al., 2016; Wang et al., 2017a; Yi et al., 2017).  WWTPs are extensively applied for > 100 years and 39 

are effective to remove many pollutants from wastewaters, but they often suffer from insufficient carbon 40 

sources for biological nutrient removal (Li et al., 2015; Tong and Chen, 2007; Wang et al., 2017b; Wang et al., 41 

2017c), while producing an excessive amount of waste activated sludge (WAS).  In central China, for 42 

example, sewage typically has a COD (chemical oxygen demand) concentration of < 200 mg/L, which is 43 

insufficient to remove wastewater nitrogen (40~60 mg/L).  In the same time, a WWTP with a capacity of 105 44 

m3/d would produce ~50 tons of WAS (at a solid content of ~20%), representing a significant loss of COD.  45 
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The general solutions to these two issues, e.g., WAS incineration and external carbon source addition, require 46 

high energy input, which are unsustainable for long-term operation of WWTPs (Zhu et al., 2015; Wang et al., 47 

2013; Wang et al., 2012).  Technologies addressing the two issues concurrently in sustainable ways are 48 

required. 49 

As a promising approach to addressing the two issues faced by WWTPs, anaerobic fermentation of WAS 50 

has recently attracted increasing attention (Wang et al., 2015a; Zhao et al., 2015, Zhao et al., 2017).  Using 51 

WAS as the fermentation substrate, sludge is reduced, pathogenic microbes are killed, and valuable products 52 

(i.e., hydrogen and short-chain fatty acids (SCFAs)) are produced (Xu, et al., 2018a; Xu et al., 2018b; Wang et 53 

al., 2018a; Wang et al., 2018b).  Besides being used for the production of biodegradable plastics, the 54 

produced SCFAs can be utilized as supplementary carbon sources to enhance wastewater nutrient removal 55 

(Chen et al., 2013).  It was documented that 26.9 mL/g VSS of hydrogen and 256 mg COD/g VSS of SCFAs 56 

were respectively obtained when WAS was fermented under alkaline conditions (pH 10) (Zhao et al., 2012; 57 

Yuan et al., 2006).  By supplementing wastewater organics with fermentation liquid from 180 to 300 mg 58 

COD/L, the efficiencies of nitrogen and phosphorus removal were enhanced from 63% and 47% to 83% and 59 

92%, respectively (Chao and Chen, 2009).  Although direct addition of fermentation liquid to the mainstream 60 

wastewater treatment line showed promising results and was tested in pilot-scale, the potential risks of toxic 61 

substances in fermentation liquid such as heavy metals and pharmaceuticals (Yi et al., 2017; Chen et al., 2014; 62 

An et al., 2017) to microbes responsible for wastewater treatment require further assessment in long-term 63 

operations. 64 

Nitrogen compounds in mainstream bioreactors mainly derive from two sources: wastewater influent and 65 

anaerobic digestion liquid returned from WAS digesters.  Generally, nitrogen in the latter contributed to 66 

~20% of total nitrogen load (Fux et al., 2006).  Thus, if nitrogen in the latter can be removed in the WAS 67 

treatment process, the total nitrogen load to mainstream bioreactors will decrease.  Based on this principle, 68 

an alternative approach, namely, simultaneous sludge fermentation and nitrite removal (SFNR), has recently 69 

been exploited (Zhang et al., 2010; Peng et al., 2012; Wu et al., 2014; Ma et al., 2015).  By introducing the 70 

necessary intermediate (i.e., nitrite) of nitritation of the anaerobic digestion liquor into the sludge treatment 71 

line instead of the mainstream wastewater treatment line, nitrite is completely denitrified, sludge reduction is 72 

enhanced, and SCFAs production is also promoted (Wang et al., 2014).  Using the SFNR-based strategy, 73 
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Wang et al. successfully achieved desirable nitrogen removal from low carbon/nitrogen wastewaters with a 74 

carbon/nitrogen ratio ≤ 1.0 (Wang et al., 2016a; Wang et al., 2016b).  These good attempts open a new door 75 

for both sludge treatment and nutrient removal from low carbon-containing wastewater.  Considering the 76 

facts that the SFNR-based strategy is easily implemented in WWTPs and does not bring any risk to 77 

mainstream wastewater treatment, it should have substantial benefits. 78 

In such SFNR systems, we found, in our preliminary study, that the presence of nitrite could significantly 79 

enhance the production of hydrogen, another valuable product of anaerobic fermentation with a high energy 80 

yield of 142 kJ/g (Zhao et al., 2015).  According to our preliminary analyses, two compounds might be the 81 

contributors to the enhancement of hydrogen production.  One is the nitrite added, the other is the protonated 82 

species of nitrite, free nitrous acid (FNA).  Although SFNR (or sludge with FNA treatment) has been well 83 

studied in the past years (Wang et al., 2016c; Zhao et al., 2015), no information has been documented so far on 84 

the effect of nitrite or FNA on hydrogen production from dark fermentation of WAS. 85 

The aim of this study was to evaluate whether and how the presence of nitrite or FNA enhances dark 86 

fermentative hydrogen production from WAS.  To differentiate the contributions of nitrite and FNA to 87 

hydrogen production, hydrogen production from dark fermentation of WAS in the presence of different nitrite 88 

levels (0~250 mg/L) at three pH values (5.5, 6.0, and 8.0) was first compared.  Then, the details of how FNA 89 

promotes hydrogen production were explored through analyzing the effect of FNA on each step involved in 90 

WAS fermentation, the specific activities of key microbes, and the microbial community.  Based on the 91 

findings obtained, a concept for the further operation of a WWTP was finally proposed and demonstrated for 92 

the enhancement of both nutrient removal and energy recovery.  To the best of our knowledge, this is the first 93 

study demonstrating the enhancement of hydrogen production from dark fermentation of WAS by FNA and 94 

revealing the relevant mechanisms.  The finding achieved in this work not only deepens our understandings 95 

on the SFNR systems but also guides engineers to manipulate the operation of WWTPs in sustainable ways 96 

with low energy input in the future. 97 

2. Materials and methods 98 

2.1 Source of WAS 99 

    The raw WAS used in the following fermentation tests was withdrawn from the secondary sedimentation 100 
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tank of a municipal WWTP in Changsha, China.  Before use, the collected WAS was screened with a 2.0 mm 101 

sieve to remove large particles and concentrated at 4 ℃ for 24 h in a refrigerator.  The main characteristics 102 

of the concentrated sludge are as follows: pH 6.8 ± 0.2, total suspended soils (TSS) 23985 ± 230 mg/L, 103 

volatile suspended soils (VSS) 12930 ± 150 mg/L, total COD 14230 ± 275 mg/L, total proteins 6650 ± 270 104 

mg COD/L, total carbohydrates 1450 ± 150 mg COD/L, lipid and oil 150 ± 15 mg COD/L, NH4
+-N 31 ± 3 105 

mg/L.  The main organic substances in WAS were proteins and carbohydrates, which accounted for about 106 

57 % of the total COD. 107 

2.2 The production of hydrogen from dark fermentation of WAS in the presence of different nitrite 108 

concentrations at pH 5.5, 6.0, or 8.0 109 

  In the tests, 12 replicate fermenters with a working volume of 1 L each were used.  Each fermenter first 110 

received 500 mL the concentrated WAS.  Then different volumes (0-8.9 mL) of NaNO2 stock solution (2.0 M) 111 

were added into these fermenters, which led to the initial NO2
--N concentration of 0, 50, 150, or 250 mg/L 112 

(Table 1).  pH in the fermenters was controlled at the designed setpoints (5.5, 6.5, or 8.0, Table 1) by adding 113 

2.0 M hydrochloric acid or 2.0 M sodium hydroxide with automatic titrators.  The experiment conditions 114 

were detailed in Table 1.  After nitrite addition, all fermenters were flushed with N2 for 5 min to guarantee 115 

anaerobic condition before being capped with rubber stoppers, sealed, and placed in a temperature-controlled 116 

shaker (35 ± 2 ℃, 150 rpm).  The NO2
--N concentration, pH, and temperature applied in the tests gave rise 117 

to initial FNA concentrations ranging from 0 to 1.38 mg/L in the fermenters (Table 1).   118 

It should be emphasized that no extra inocula were added into the fermenters, and WAS was therefore 119 

utilized as both fermentation substrates and inocula in this work.  All the tests lasted for 25 d.  The total gas 120 

volume was determined by releasing the pressure in the bottle using a glass syringe (300 mL) to equilibrate 121 

with the atmospheric pressure, and the calculation of the cumulative volume of hydrogen gas was documented 122 

in our recent publication (Wang et al., 2015b).  The variations of soluble COD, protein, carbohydrate, SCFAs, 123 

and nitrite were also measured cyclically, as described below. 124 

2.3 Assessing the effect of FNA on the disintegration of WAS and biodegradability of organics released in the 125 

fermentation liquor 126 

 To assess the effect of FNA on the disruption of WAS, the concentrations of soluble proteins, soluble 127 
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carbohydrates, and soluble COD in the fermenters performed in Test-I (Table 1) were analyzed every day in 128 

the initial 3 d of fermentation.  Moreover, the VSS reduction in these fermenters was also calculated after 3 d 129 

fermentation time. 130 

To indicate the effect of FNA on the biodegradability of organics released, the fermentation liquors were 131 

further analyzed by excitation emission matrix (EEM) fluorescence spectroscopy.  The EEMs response is 132 

generally divided into five areas according to the following classification: tyrosine-like proteins (Region Ⅰ) 133 

tryptophan-like (Region Ⅱ), fulvic acid-like (Region Ⅲ), soluble microbial by-product-like (Region Ⅳ), 134 

and humic acid-like (Region Ⅴ) substances (Chen et al., 2003; Wu et al., 2017).  The specific ranges of the 135 

excitation and emission wavelength for the five regions are detailed in Table S1 (Supporting Information).  136 

Among these organics, tyrosine-like proteins (i.e., Region I) and soluble microbial by-product-like substances 137 

(i.e., Region IV) are considered biodegradable substrates while tryptophan-like, fulvic acid-like and humic 138 

acid-like substances (i.e., Regions II, III, and V) are thought as the non-biodegradable substrates (Jia et al., 139 

2013).  According to the literature, the abundances of these organics could be indicated by the percent 140 

fluorescence response (Pi,n), with the calculation method being detailed in Supporting Information.   141 

2.4 Assessing the effect of FNA on Hydrolysis, Acidogenesis, Acetogenesis, Homoacetogenesis, 142 

Methonogenesis, and Sulfate-Reducing Processes 143 

  Apart from WAS disintegration, anaerobic fermentation also includes several other bio-processes such as 144 

hydrolysis, acidogenesis, acetogenesis, homoacetogenesis, sulfate-reducing, hydrogenotrophic 145 

methonogenesis, and methanotrophic methonogenesis processes.  It is necessary to have the effect of FNA on 146 

these processes assessed.  These processes generally co-occur in WAS fermentation systems and could not be 147 

readily differentiated in the real WAS fermentation systems.  In this work, therefore, a series of batch tests 148 

using model substrates such as bovine serum albumin (BSA), L-glutamate, butyrate, sulfate, hydrogen, and 149 

acetate was carried out.  By comparing the specific degradation rates of these substrates degraded by inocula 150 

treated with different FNA levels, the effect of FNA on these processes could be indicated. 151 

    In this set of tests, 20 replicate fermenters with a working volume of 1.0 L each were set up.  These 152 

bottles were divided into five groups (namely, BSA-Test, L-glutamate-Test, Butyrate-Test, H2-CO2- SO4
2--Test, 153 

and Acetate-Test) with four in each group.  The fermentation mixtures (120 mL) withdrawn from the 154 
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long-term semi-continuous fermenters (please see details below) in steady-state operation were used as 155 

inocula and were evenly distributed into four reactors for FNA treatment.  Different volumes of NaNO2 stock 156 

solution (2.0 M) were then added into these reactors, resulting in the initial NO2
--N concentration of 0, 50, 150, 157 

or 250 mg/L.  The pH and temperature in each reactor was constantly controlled at 5.5 and 35℃.  Based on 158 

the calculation, the FNA concentration in these reactors was 0, 0.28, 0.83, or 1.38 mg/L.  After 24 h FNA 159 

treatment, the inocula were washed with tap water to remove the residual FNA and released substances.  160 

BSA-Test:  Each fermenter received 300 mL of synthetic wastewater and 30 mL of inocula treated by 161 

FNA at 0, 0.28, 0.83, or 1.38 mg/L, as described above.  The synthetic wastewater contained 3 g/L BSA (a 162 

model protein compound, average molecular weight 67000).  pH in all the fermenters was controlled at 5.5.  163 

All other fermentation conditions were the same as those depicted in the Section “The production of hydrogen 164 

from dark fermentation of WAS in the presence of different nitrite at pH 5.5, 6.0, or 8.0”.  The test lasted for 165 

3 d, during which the concentration of BSA in each fermenter was measured daily.  The volumetric BSA 166 

degradation rate was determined through linear regression of the corresponding concentration profile.  The 167 

VSS concentration in each fermenter was detected at the end of the test.  The biomass specific BSA 168 

degradation rate in each fermenter was then calculated by dividing the corresponding volumetric rate by the 169 

VSS concentration.  By comparing the specific degradation rate of BSA among the fermenters, the effect of 170 

FNA on the activity of hydrolytic microbes could be indicated. 171 

L-glutamate-Test:  The operational conditions of this test were the same as described in BSA-Test 172 

except that the fermentation substrate, i.e., BSA was replaced with L-glutamate (a model amino acid 173 

compound).  By comparing the specific degradation rate of L-glutamate among the fermenters, the effect of 174 

FNA on the activity of microbes relevant to acidogenesis process could be indicated. 175 

Butyrate-Test:  The operation of this test was conducted the same as that described in BSA-Test except 176 

that the fermentation substrate (i.e., BSA) was replaced with butyrate.  The effect of FA on the activity of 177 

microbes relevant to acetogenesis could be indicated through comparing the specific degradation rate of 178 

butyrate among the fermenters.   179 

H2-CO2-SO4
2--Test:  In this test, each fermenter first received 300 mL synthetic wastewater containing 180 

100 mg/L sulfate and 30 mL of inocula treated by FNA at 0, 0.28, 0.83, or 1.38 mg/L, as described above.  181 
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Then, all these fermenters were flushed with a combined gas (40% hydrogen, 10% carbon dioxide, and 50% 182 

nitrogen) for 5 min to guarantee that they were filled with the synthetic hydrogen-containing gas.  183 

Afterwards, all the fermenters were capped with rubber stoppers, sealed, and placed in an air-bath shaker at 184 

stirring speed of 120 rpm.  All other operations were the same as those depicted in BSA-Test.  The effect of 185 

FA on the activities of microbes relevant to hydrogen consumption via homoacetogenesis, sulfate-reducing, or 186 

hydrogenotrophic methonogenesis could be assessed by comparing the specific consumption rates of sulfate 187 

and hydrogen among these fermenters.   188 

Acetate-Test:  In this test, the operational procedure was carried out the same as described in BSA-Test 189 

except that BSA in the synthetic wastewater was replaced with 5 g/L sodium acetate.  The effect of FA on 190 

acetoclastic methonogenesis could be evaluated by comparing the specific degradation rate of acetate among 191 

the fermenters. 192 

2.5 Long-term operation of semi-continuous fermenters for the analysis of the microbial community 193 

  Two long-term semi-continuous fermenters were operated to further understand the impact of FNA on 194 

anaerobic fermentation of WAS from the aspect of microbial analyses.  The two fermenters were replicate 195 

with a working volume of 2 L each and placed in a temperature-controlled shaker (35 ± 2 ℃, 150 rpm).  pH 196 

in the two fermenters was constantly maintained at 5.5.  One fermenter fed with 1.5 L WAS without nitrite 197 

addition was set as the control, the other fermenter fed with 1.5 L WAS containing 250 mg/L nitrite was set as 198 

the experimental reactor.  Other fermentation conditions were the same as depicted in the “The production of 199 

hydrogen from dark fermentation of WAS in the presence of different nitrite at pH 5.5, 6.0, or 8.0” Section.  200 

According to the results obtained from the above tests, the sludge retention time in the two reactors was 201 

controlled at 15 d.  Thus, 100 mL of fermentation mixture was taken out daily from each reactor and replaced 202 

with the same amount of new WAS either with or without nitrite addition.  Afterwards, both the reactors 203 

were sparged with nitrogen gas for 5 min to remove oxygen before they were re-capped and re-sealed.  204 

Hydrogen yield reached a stable level after approximately 60 d operation, and then the assay of the microbial 205 

community was performed using Illumina Miseq sequencing.  206 

2.6 Analytical Methods 207 

  The determinations of COD, TSS, VSS, and nitrite were conducted in accordance with standard methods 208 
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(APHA, 2005).  The sulfate detection was based on BaCrO4-SO4
- precipitate using spectrophotometer analysis.  209 

Protein and carbohydrate were measured using the Lowry-Folin method and phenol-sulfuric method.  The 210 

determination of L-alanine was performed based on the method described by Bergmeryer et al (1980).  Short 211 

chain fatty acids (SCFA) including acetic acid, propionic acid, iso-butyric acid, n-butyric acid, isovaleric acid, 212 

and n-valeric acid in fermentation samples were measured using gas chromatograph with flame ionization 213 

detector (HP5890, GC) with 1.0 uL injection volume, with the measurement method being detailed in the 214 

literature (Yuan et al., 2006).  The hydrogen and methane fraction in gas samples was analyzed through a gas 215 

chromatograph (GC112A, China) equipped a thermal conductivity detector and a 4 mm × 32m stainless 216 

column with nitrogen being as the cattier gas at a flowrate of 30 mL/min.  The temperatures of the injection 217 

port, column, and detector were set at 40, 40, and 80℃, respectively.  218 

Illumina Miseq sequencing analysis was used to evaluate the diversity of the microbial community in the 219 

two long-term semi-continuous fermenters (Wang et al., 2017d).  In stable operation, the fermentation 220 

samples were withdrawn from the two semi-continuous fermenters and centrifuged for 5 min at 10000 rpm.  221 

Then, the total genomic DNA was extracted from the samples using the Fast DNA Kit (MoBio Laboratories) 222 

according to the manufacture’s instruction.  The quantity and purity of DNA were analyzed with a Nanodrop 223 

spectrophotometer (Thermo Scientific, Wilmington, DE, USA).  The primers 341F 224 

(5`-CCTAYGGGRBGCASCAG-3`) and 806R (5`-GGACTACNNGGGTATCTAAT-3`) targeting the V3-V4 225 

regions of bacterial 16S DNA genes were used.  The DNA samples were analyzed for Illumina miseq 226 

sequencing (Illumina Miseq PF300 platform).  The operation taxonomic units used the 97% identity 227 

thresholds for analyzing the taxonomic classification.  The specific sequence number in different taxonomic 228 

units and the numbers of tags and operational taxonomic units between the two reactors are showed in Figure 229 

S1, Supporting Information. 230 

2.7 Statistical Analysis 231 

  Except for the long-term operation of semi-continuous fermenters, all other tests were conducted in 232 

triplicate.  An analysis of variance was used to evaluate the significance of results, and p < 0.05 was 233 

considered to be statistically significant. 234 

3. Results and discussion 235 
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3.1 Hydrogen production from anaerobic fermentation of WAS at different pH in the presence of different 236 

initial levels of nitrite 237 

  The cumulative profiles of hydrogen production from anaerobic fermentation of WAS at different pH 238 

(5.5, 6.0, and 8.0) in the presence of different initial levels of nitrite (0~250 mg/L) are shown in Figure 1a.  239 

The production of hydrogen was promoted when nitrite was introduced into the two acidic fermentation 240 

systems.  At pH 5.5, the maximal hydrogen yield of 8.5 ± 0.4 mL/g VSS was obtained in 15 days without 241 

nitrite addition.  With an increase of nitrite addition from 0 to 150 mg/L, the maximal hydrogen yield 242 

increased from 8.5 ± 0.4 to 15.0 ± 0.8 mL/g VSS (Figure 1a-I).  This yield of hydrogen production was 243 

comparable with that obtained by other pretreatment methods, e.g., alkaline pretreatment (~16 mL/g VSS) 244 

(Cai et al., 2004).  Although further increase of nitrite addition to 250 mg/L led to a slight decrease of 245 

hydrogen yield to 13.0 ± 0.7 mL/g VSS, this value was still ~1.5-fold of that without nitrite addition.  At pH 246 

6.0, the maximal hydrogen yield increased from 8.1 ± 0.4 to 13.0 ± 0.6 mL/g VSS with nitrite addition 247 

increasing from 0 to 250 mg/L (Figure 1a-II). 248 

Under the weak-alkaline condition (pH 8.0), however, hydrogen yield was unaffected by the presence of 249 

nitrite.  When nitrite addition increased from 0 to 250 mg/L, the hydrogen production profiles among the 250 

fermenters were almost the same (Figure 1a-III).  The maximal hydrogen yield obtained from these 251 

fermenters were in the range of 2.9 ± 0.1 ~ 3.7 ± 0.2 mL/g VSS.  The reason for such differences was 252 

explained in the following analyses. 253 

3.2 Identification of the true contributor to the enhancement of hydrogen production obtained in acidic 254 

fermentation 255 

  The different pH and nitrite levels applied in the three groups of fermentation tests resulted in different 256 

levels of FNA.  The initial FNA concentration in the pH 5.5 and 6.0 groups was in the range of 0~1.38 mg/L 257 

and 0~0.44 mg/L (Table 1), and different hydrogen yields was measured among the fermenters in the two 258 

groups (Figure 1a-I and 1a-II).  However, the initial FNA concentration in the pH 8.0 group varied only 259 

between 0 and 8.7 × 10-4 mg/L due to the weak alkaline condition maintained (Table 1).  Although the 260 

addition of nitrite concentration in these pH 8.0 fermenters still varied from 0 to 250 mg/L, the same as that in 261 

the pH 5.5 or 6.0 tests, hydrogen yield from these fermenters was almost the same (Figure 1a-III), indicating 262 
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that FNA rather than nitrite was the true contributor to the enhancement of hydrogen production.  It should 263 

be noted that when no nitrite was added, the maximal hydrogen yield at pH 5.5 or 6 was still higher than that 264 

at pH 8, possibly due to the lower consumption of hydrogen under acidic conditions.  This suggested that 265 

apart from FNA, acidic conditions also contributed to the enhancement of hydrogen accumulation. 266 

To reflect this deduction directly, we further correlated the maximal hydrogen yield with nitrite, pH, and 267 

FNA, respectively.  It can be seen that the correlation between the maximal yield and the initial nitrite 268 

concentration (or pH) was not strong (Figure 1b-I and 1b-II).  Figure 1b-III shows that with an increase of 269 

initial FNA concentration, the maximal hydrogen yield increased logarithmically (y = 1.8 * ln (x) + 14.6, R2 = 270 

0.9556).  All the analyses above support that the true contributor for the increased hydrogen production 271 

determined in the acidic fermenters was the presence of FNA, rather than nitrite.  It can also be understood 272 

why hydrogen production was unaffected in the pH 8.0 group.  Though nitrite concentration in these 273 

fermenters varied from 0 to 250 mg/L, the FNA concentrations were negligible in all pH 8.0 cases (< 8.7 × 274 

10-4 mg/L).  In the following text, details of how FNA promotes hydrogen production were explored. 275 

3.3 Effect of FNA on WAS disintegration and biodegradability of the released organics 276 

  The organics in sludge cells are mainly in solid phase, e.g., located in extracellular polymeric substances, 277 

cell envelops, and intracellular cellular materials.  Before being fermented, they need to be released in liquid 278 

phase in the WAS disintegration process.  The extent of WAS disintegration could be estimated by the 279 

measurements of intracellular substrate releases, soluble COD, or VSS reduction (Wang et al., 2018c).  As 280 

seen in Figure 2a and 2b, with an increase of FNA concentration from 0 to 1.38 mg/L, both the ratios of 281 

soluble proteins to total proteins and soluble carbohydrates to total carbohydrates increased, suggesting that 282 

the presence of FNA accelerated the breakage of sludge cells.  As a result, more soluble substrates were 283 

released from the solid phase to liquid phase in the fermenter with the greater addition of FNA (Figure 2c).  284 

These data was supported by the increased VSS reduction.  It can be seen from Figure 2d that VSS reduction 285 

measured on 3 d fermentation increased from 10% to 33% when FNA concentration increased from 0 to 1.38 286 

mg/L.  It was reported previously that FNA could readily diffuses through cell membranes, react with 287 

cellular structures such as reduced thiols, proteins, and lipid peroxidation), and finally destroy cells through 288 

changing the DNA base pairing (Jiang et al., 2010; Klug et al., 2009).  It was also documented that FNA 289 

treatment benefited the disruption of both extracellular polymeric substances and cell envelop in WAS 290 
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fermentation systems (Zhao et al., 2015).  All the facts showed clearly that the presence of FNA accelerated 291 

the process of WAS disintegration, thereby provided more soluble substrates for subsequent bioprocesses for 292 

hydrogen production. 293 

It is known that not all the organics released in the liquid phase in the WAS disintegration could be 294 

bio-degraded.  In addition to biodegradable substances such as proteins and carbohydrates, some 295 

non-biodegradable substances e.g., humic substances, could be also released but could not be further used (Wu 296 

et al., 2017).  Thus, we further assessed whether the presence of FNA caused differences in the 297 

biodegradability of the released organics by a fluorescence regional integration-supported EEM technique, 298 

which is recently used to characterize the bio-degradability of organics released in fermentation liquid (Chen 299 

et al., 2003; Wu et al., 2017). 300 

According to the literature, the soluble organics could be divided into five types based on their 301 

excitation-emission wavelengths (please see Figure 3 for details).  The organics located in Region-I (i.e., 302 

tyrosine-like proteins) and Region-IV (i.e., soluble microbial by-product-like substances) are generally 303 

thought as biodegradable substrates while the organics located in Region-II (i.e., tryptophan-like substances), 304 

Region-III (i.e., fulvic acid-like substances), and Region-V (i.e., humic acid-like substances) are often 305 

considered the non-biodegradable materials.33  It was calculated that the percent fluorescence response in 306 

Region-I (PI,n) and Region-IV (PIV,n) was 11.32% and 11.45% at 0 mg/L FNA, 7.21% and 29.44% at 0.28 307 

mg/L FNA, 5% and 33.06% at 0.83 mg/L FNA, and 6.46% and 47.54% at 1.38 mg/L FNA (Figure 3).  With 308 

an increase of FNA from 0 to 1.38 mg/L, the sum of PI,n and PIV,n increased from 22.77% to 54%, suggesting 309 

that FNA promoted the biodegradability of the organics released.    310 

3.4 Effect of FNA on other bio-processes involved in anaerobic fermentation 311 

  After the disintegration of WAS, several biological processes involved in the anaerobic fermentation are 312 

relevant to the production or consumption of hydrogen (Figure S2, Supporting Information).  For example, 313 

organics with large molecular weight require to be hydrolyzed in the hydrolysis process before being used for 314 

hydrogen production.  Hydrogen is directly generated in the acidogenesis and acetogenesis processes but 315 

readily consumed to produce acetate, hydrogen sulfide, and methane in the homoacetogenesis, 316 

sulfate-reducing, and hydrogenotrophic methonogenesis processes, respectively.  Based on the measurement, 317 

it was found that most of the added nitrite was denitrified in the initial 1 d fermentation independent of the 318 
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initial nitrite concentrations or controlled pH levels (Figure S3, Supporting Information), which was consistent 319 

with the results reported previously (Ma et al., 2015; Wang et al., 2016a).  However, previous investigations 320 

showed that the presence of FNA could inhibit the activities of a broad range of microbes such as 321 

ammonia-oxidizing bacteria, nitrite-oxidizing bacteria, and sulfate-reducing bacteria (Wang et al., 2017a; 322 

Wang et al., 2016; Dai et al., 2017a; Dai et al., 2017b).  Thus, the potential effect of FNA on the activities of 323 

the microbes relevant to these bio-processes was also assessed via a series of batch tests using model 324 

compounds as fermentation substrates and anaerobic microbes treated by different concentrations of FNA as 325 

inocula. 326 

    The degradation rates of all the tested model substrates were affected by the presence of FNA, though the 327 

FNA treatment on inocula only lasted for 1 d.  The greater the FNA concentration, the lower the degradation 328 

rate (Table S2, Supporting Information).  This indicated that the activities of the microbes in anaerobic 329 

fermentation were suppressed by the presence of FNA, which thereby inhibited the biological processes to 330 

some extents.   331 

Table 2 outlines the specific degradation rates of BAS, L-glutamate, butyrate, hydrogen, sulfate, and 332 

acetate.  The specific degradation rate of BAS in the absence of FNA was 574.8 ± 24.6 mg/g VSS·d, and this 333 

could be considered the original activity of microbes responsible for BSA degradation.  With an increase of 334 

initial FNA concentration from 0 to 1.38 mg/L, the specific degradation rate of BAS decreased from 574.8 ± 335 

24.6 to 446.6 ± 20.3 mg/g VSS·d, suggesting that 1.38 mg/L of FNA decreased the relative activity (expressed 336 

as % of the original) of hydrolytic microorganisms by 22.3%.  Similar observations were also made on the 337 

degradations of L-glutamate and butyrate.  When the initial FNA concentration increased from 0 to 1.38 338 

mg/L, the specific degradation rates of L-glutamate and butyrate decreased from 458.9 ± 21.2 and 382.7 ± 339 

17.6 mg/g VSS·d to 192.2 ± 12.6 and 186.9 ± 9.5 mg/g VSS·d, respectively.  The results indicated that 1.38 340 

mg/L of FNA decreased the relative activities of the microbes relevant to acidogenesis and acetogenesis by 341 

58.1% and 51.2%, respectively. 342 

The inhibition of FNA to the degradation of hydrogen, however, was much severer than that to BAS, 343 

L-glutamate, and butyrate degradations.  The degradation rate of hydrogen decreased from 4.3 ± 0.7 to 1.2 ± 344 

0.1 mg/g VSS·d with FNA concentration increasing from 0 to 0.83 mg/L, i.e. the relative activities of 345 

hydrogen consumers was inhibited by 70.8%.  When FNA concentration increased from 0.83 to 1.38 mg/L, 346 
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the inhibition level further increased to 74.6%.  Hydrogen produced in fermentation processes could be 347 

consumed by homoacetogenesis, sulfate-reducing, or hydrogenotrophic methonogenesis process.  It can be 348 

also seen from Table 2 that the specific degradation rate of sulfate in the absence of FNA was 27.5 ± 2.8 mg/g 349 

VSS·d whereas the corresponding value in the presence of 1.38 mg/L FNA was only 2.1 ± 0.1 mg/g VSS·d, 350 

indicating that the activity of sulfate reducing bacteria decreased by 92.4%.  It is known that hydrogen and 351 

carbon dioxide could be bio-converted into methane and acetate through hydrogenotrophic methanogenesis 352 

and homoacetogenesis, and meanwhile the produced acetate could be also bio-converted into methane through 353 

methanotrophic methonogenesis.  Thus, the accurate inhibition of FNA to either hydrogenotrophic 354 

methanogenesis or homoacetogenesis could not be differentiated in the current work, and more specific 355 

experiments are need in future studies. 356 

Similar to the hydrogen degradation, FNA also caused severe inhibition to the acetate degradation.  For 357 

example, when initial FNA concentration increased from 0 to 1.38 mg/L, the specific degradation rate of 358 

acetate decreased from 618.7 ± 32.5 to 144.8 ± 6.5 mg/g VSS·d.  This suggested that the activity of 359 

methanogens decreased by 76.6%.  All the results indicated that although FNA inhibited all the activities of 360 

microbes involved in the anaerobic fermentation, its inhibitions to hydrogen consumers were much severer 361 

than those to hydrolytic microorganisms and hydrogen producers.  The differential inhibition was one reason 362 

for FNA promoting hydrogen yield. 363 

The different inhibition extents of FNA at 0.83 and 1.38 mg/L to hydrolytic microorganisms and 364 

hydrogen producers might also explain the profiles of hydrogen production obtained at the two scenarios 365 

presented in Figure 1a-I, i.e., 150 mg/L nitrite addition at pH 5.5 (initial FNA level: 0.83 mg/L) and 250 mg/L 366 

nitrite addition at pH 5.5 (initial FNA level: 1.38 mg/L).  Although 1.38 mg/L FNA caused more substrates 367 

release from solid to liquid phase than 0.83 mg/L FNA (Figure 2), the former also resulted in much severer 368 

inhibition to both hydrolytic microorganisms and hydrogen producers than the latter (Table 2).  As a result, a 369 

slight decrease of hydrogen yield (under pH 5.5) from 15.0 ± 0.8 to 13.0 ± 0.7 mL/g VSS was measured when 370 

nitrite addition (initial FNA) increased from 150 (0.83) to 250 (1.38) mg/L. 371 

3.5 Effect of FNA on the microbial community in the two long-term semi-continuous reactors 372 

  To further understand the effect of FNA on anaerobic microbes, the microbial community in the two 373 

long-term semi-continuous reactors fed with WAS with or without FNA addition (i.e., 0 or 1.38 mg/L FNA) 374 
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was further analyzed using the Illumina sequencing.  The number of Illumina HiSeq sequencing was 54132 375 

in the 0 mg/L FNA reactor and 53331 in the 1.38 mg/L FNA reactor, while the number of operational 376 

taxonomic units was 1513 in the former and 1497 in the latter, with 1324 shared by the two reactors (see Venn 377 

analysis for details, Figure S4a, Supporting Information).  The Alpha diversity analyses showed that both the 378 

Chao1 and Shannon index, which indicate the richness and diversity of the microbial community, in the 379 

absence of FNA reactor were slightly higher than those in the presence of FNA reactor whereas the 380 

PD-whole-tree index, a phylogenetic diversity estimator, in the former was slightly lower than that in the latter 381 

(Table S3, Supporting Information).  All these results suggested that the presence of FNA decreased the 382 

microbial diversity but did not significantly change the microbial structure. 383 

Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria were the four main phyla (accounting for ~ 384 

80%) in the two fermentation systems (Figure S4b, Supporting Information).  Many microbes in these phyla 385 

were documented to have capability of degrading organic matters such as proteins and carbohydrates for the 386 

production of SCFAs and hydrogen (Wang et al., 2017d).  The presence of FNA caused variations in the 387 

abundances of some microbes in these phyla.  For example, the abundances of microbes affiliated to 388 

Actinobacteria in the presence of FNA reactor decreased by 2.4 %, as compared with that in the absence of 389 

FNA reactor.  The abundances of microbes of Firmicutes and Bacteroidetes increased from 20.2 ± 1.1% and 390 

5.6 ± 0.3% to 32.0 ± 1.6% and 9.1 ± 0.5%, respectively, with FNA concentration increasing from 0 to 1.38 391 

mg/L.  392 

Figure 4 shows the evolutionary tree of top 100 genera in the two long-term reactors.  It can be seen that 393 

the community of the two reactors consisted of various anaerobes relevant to hydrolysis (e.g., Bacteroides sp., 394 

Rhodobacter sp.), acidogenesis (e.g., Clostridium sp., Ruminococcaceae sp.), acetogenesis (e.g., Fonticella 395 

sp.), and methanogenesis (e.g., Methanobacterium sp., Methanosaeta sp.) (Christy et al., 2014; Moreira et al., 396 

2017; Ortiz et al., 2016; Peter et al., 1980).  Several denitrifiers such as Thauera sp., Pseudomonas sp., 397 

Sulfurimonas sp., and Sulfurovum sp. (Lavigne et al., 2006; Inagaki et al., 2004; Scholten et al., 1999; Zhang 398 

et al., 2009) were also present in the fermentation systems, which well supported that denitrification and 399 

fermentation could co-exsit in WAS fermentation systems.  Although the presence of FNA (or nitrite) did not 400 

largely change the microbial structure, as analyzed above, the abundances of some microbes were affected.  401 

For instance, the presence of FNA (or nitrite) increased the abundances of denitrifiers (such as Thauera sp., 402 
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Pseudomonas sp., Sulfurimonas sp., and Sulfurovum sp.) and hydrogen producers (such as Ruminococcaceae 403 

sp., Clostridium sp., and Citrobacter sp.) but reduced the populations of hydrogen consumers (e.g., 404 

Clostridium aceticum, Desulfobulbus sp., and Dechloromonas sp.) (Christy et al., 2014; Lipsky, 1980; Zou et 405 

al., 2016; Lovley et al., 1994).  This could reveal what happens in WAS fermentation systems after FNA 406 

addition and explain why FNA promotes hydrogen accumulation from the aspect of microbial community. 407 

Figure 5 further displays the genus-level distributions of the bacterial populations in the two long-term 408 

fermentation reactors.  Two hydrolytic bacteria i.e., Bacteroides sp. (Ortiz et al., 2016) and Rhodobacter sp. 409 

(Moreira et al., 2017) was detected in the two fermenters, and no obvious variation was found in their 410 

abundances.  In the reactor without FNA addition, Bacteroides sp. and Rhodobacter sp. accounted for 1.2% 411 

and 2.6%, respectively, of the total bacterial sequences, while the corresponding abundances in the FNA 412 

addition reactor were 1.6% and 2.4% of the total sequences, respectively.  This suggests that the presence of 413 

1.38 mg/L FNA had little impact on the amounts of hydrolytic microorganisms, though it brought inhibition to 414 

the specific degradation of BSA, as demonstrated in Table 2.  Thirteen genera of microbes, which were 415 

responsible for the production of SCFAs and hydrogen, were detected in the two reactors, and their 416 

abundances in the 1.38 mg/L FNA reactor were greater than those in the reactor without FNA addition.  For 417 

example, the relative abundances of unidentified-Clostridiaceae-1 and Ruminococcaceae, which were 418 

documented to be hydrogen producers in anaerobic fermentation (Majidian et al., 2017), were respectively 419 

5.3% and 3.2% higher in the 1.38 mg/L FNA reactor than those in the 0 mg/L FNA reactor (6.5% vs 1.3% in 420 

unidentified-Clostridiaceae-1 and 4.3% vs 1.1% in Ruminococcaceae).  The genera of Citrobacter and 421 

Fonticella were reported to have ability of degrading organic substances with SCFAs and hydrogen as their 422 

major products through acidogenesis and acetogenesis (Scholten et al., 1999; Fraj et al., 2013), and their 423 

amounts increased respectively from 1.1% and 1.2% of the total sequences to 3.7% and 6.6% of the total 424 

sequences with FNA concentration increasing from 0 to 1.38 mg/L.  It was further calculated that the total 425 

abundance of these thirteen genera increased from 20.7% and 39.3% with an increase of FNA level from 0 to 426 

1.38 mg/L, indicating that SCFAs & hydrogen producers are more tolerant to FNA toxicity than others.   427 

All the three types of hydrogen consumers, i.e., homoacetogenic bacteria, sulfate reducing bacteria, and 428 

methanogens were found to be present in the two reactors.  It was found that FNA largely reduced the 429 

populations of all these microbes.  For example, the relative abundance of Clostridium_aceticum, one typical 430 
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homoacetogenic bacteria, in 0 and 1.38 mg/L FNA reactors accounted for 6.8% and 1.4%, respectively, of the 431 

total bacterial sequence.  The genera of Caldisericum (Mori et al., 2009) and Desulfobulbus (Kremer and 432 

Hansen, 1988) are two important anaerobic and thermophilic microorganisms, and mainly responsible for 433 

sulfate reduction by utilizing hydrogen as electric donors (Kremer and Hansen, 1988).  With an increase of 434 

FNA from 0 to 1.38 mg/L, the relative abundances of the two sulfate reducing bacteria decreased from 3.5% 435 

and 1.9% to 0.8% and 1.4%, respectively.  It can be understood why FNA enhanced hydrogen yield, as FNA 436 

not only augmented the amounts of SCFAs & hydrogen producers but also reduced the populations of 437 

hydrogen consumers. 438 

Besides, five types of denitrifiers, namely, Dechloromonas sp., Sulfurovum sp. (Inagaki et al., 2004), 439 

Pseudomonas sp. (Lavigne et al., 2006), Thauera sp. (Scholten et al., 1999), and Sulfurimonas sp. (Zhang et 440 

al., 2009). were found in the two reactors.  Their relative abundance increased from 6.3% (0 mg/L FNA) to 441 

9.2% (1.38 mg/L FNA), supporting the existence of denitrification in such WAS fermentation systems again.  442 

Moreover, the fact indicated that the presence of FNA did not inhibit the growths of denitrifiers.   443 

3.6 Overall understanding and implications 444 

  According to the investigations above, it can be confirmed that although nitrite addition did not affect 445 

hydrogen production obviously, the presence of FNA enhanced the yield of hydrogen from dark fermentation 446 

of WAS (Figure 1).  Based on the analyses on the role of FNA in the dark fermentation of WAS, the reasons 447 

for the enhancement of hydrogen yield were clarified clearly.  FNA benefited the disruption of sludge cells 448 

(Figure 2) and promoted the biodegradability of organics released (Figure 3), thereby provided more 449 

biodegradable substrates for subsequent bioprocesses to produce hydrogen.  Despite no obvious influence on 450 

microbial structure (Figure S3 and Table S3), the relative activities and abundances of the key anaerobes were 451 

affected by FNA (Table 2, and Figures 4 and 5).  However, the influence extents of FNA on the microbes 452 

were different.  The inhibition of FNA to hydrogen consumers and methanogens was much severer than that 453 

to hydrolytic microbes and hydrogen producers.  Moreover, the presence of FNA increased the relative 454 

abundances of hydrolytic microbes and hydrogen-SCFAs producers but highly decreased the populations of 455 

hydrogen consumers.  The variation trends could be well supported by the analysis of COD mass balance.  456 

With an increase of FNA concentration, the percentages of hydrogen and SCFAs to total COD increased but 457 

the percentages of VSS and methane to total COD decreased (Table S4).  To the best of our knowledge, this 458 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 18

is the first work to examine the role of nitrite and FNA in the dark fermentative hydrogen production from 459 

WAS and bacterial community shift in fermentation systems, which significantly deepens our understandings 460 

on the SFNR systems. 461 

Additionally, the findings achieved in this work also provide a further support for the sustainable 462 

operation of WWTPs in the future.  As discussed in the introduction section, SFNR could serve as a 463 

promising method for addressing the two major issues currently faced by WWTPs, i.e., excessive production 464 

of WAS and insufficient carbon sources in wastewaters.  By integrating this FNA-based hydrogen production 465 

concept and other technologies reported previously with SFNR-based WAS fermentation, the operation of 466 

WWTPs might be in a more sustainable paradigm with low energy input, energy-neutral, or even energy 467 

output in the future (One concept is detailed in Figure S5 for an example).  In such WWTPs with the 468 

technologies integrated, the WAS generated in the mainstream wastewater treatment line was first 469 

concentrated in thickener before being subjected to anaerobic fermenter for acidic fermentation (e.g., pH 5.5).  470 

By introducing a portion of nitrite, the necessary intermediate of nitritation of the anaerobic fermentation 471 

liquor into the anaerobic fermenter, nitrite is completely denitrified, sludge reduction is significantly enhanced, 472 

and hydrogen and SCFAs production are also largely enhanced.  The energy gas, hydrogen, can be utilized to 473 

generate electricity while the SCFAs generated can be used to produce biodegradable plastics such as 474 

polyhydroxyalkanoates.  The phosphorus released in the fermentation process can be recovered via either 475 

crystallization or precipitant as valuable products.  The ammonium released can be bio-converted to nitrite 476 

via nitritation, and a portion of the produced nitrite is finally sent to acidic fermenter for both denitrification 477 

and fermentation enhancement, which thereby form a “closed-loop” for WAS treatment.  478 

With such a rational integration, several benefits could be achieved.  The recovery of hydrogen, SCFAs, 479 

and phosphorus-based fertilizers, as outlined in Figure S5, can recoup a part of cost of the operation of 480 

WWTPs.  The reduced amount of WAS in the fermenter can save substantial cost.  In addition, the amounts 481 

of both nitrogen and phosphorus returned from sludge treatment line to mainstream wastewater treatment line 482 

reduced largely, which brings extra cost save for external carbon source addition for nutrient removal.  483 

Considering the massive wastewaters treated worldwide daily, the findings reported in this work should have 484 

significant implications and benefits for the operations of WWTPs.    485 
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4. Conclusion 486 

The results showed that the nitrite added into sludge fermentation systems ranging from 0 to 250 mg/L 487 

significantly affected hydrogen production.  When nitrite was introduced into acidic fermentation systems 488 

(pH 5.5-6.0), the maximal hydrogen yield was enhanced.  However, no obvious variation in hydrogen yield 489 

was observed when the same amount of nitrite was added into WAS fermentation at pH 8.  Further analyses 490 

confirmed that FNA rather than nitrite was the major contributor to the promotion of hydrogen yield.  491 

Mechanism studies showed that FNA significantly accelerated the disruption of sludge cells and promoted the 492 

biodegradability of organics released, but FNA inhibited all the bio-processes (acidogenesis, acetogenesis, 493 

homoacetogenesis, sulfate-reducing, hydrogenotrophic methonogenesis and methonogenesis processes).  494 

Further investigations with microbial community showed that FNA increased the abundances of hydrogen 495 

producers (e.g., Citrobacter sp.) and denitrifiers (e.g., Dechloromonas sp.), but reduced the abundances of 496 

hydrogen consumers (e.g., Clostridium_aceticum). 497 
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Figure legends 649 

Figure 1. The profiles of cumulative hydrogen production in the presence of different nitrite addition at pH 5.5 (a-I), 6.0 650 

(a-II) and 8.0 (a-III) conditions, and correlation between the maximum hydrogen yield and the initial nitrite concentration 651 

(b-I), pH (b-II), and the initial FNA concentration (b-III).  Error bars represent standard deviations of triplicate tests. 652 

Figure 2. Soluble protein to total protein ratio (a), soluble carbohydrate to total carbohydrate ratio (b), and soluble COD 653 

concentration measured during the 3 d fermentation, and VSS reduction (d) measured on the third day fermentation from 654 

the fermenters with different FNA additions.  The data were measured in the fermenters performed in Test-I (i.e., pH 5.5 655 

group, Table 1), and error bars represent standard deviations of triplicate tests. 656 

Figure 3. EEM spectra and percentage of fluorescence response (Pi,n) of the organics released in fermenters with 657 

different additions of FNA. 658 

Figure 4. The evolutionary tree of top 100 genera in the two long-term reactors.  Reactor Ⅰ: the reactor fed with WAS 659 

containing 0 mg/L FNA, Reactor Ⅱ: the reactor fed with WAS containing 1.38 mg/L FNA. 660 

Figure 5. The distribution of bacterial populations at genus level in the two long-term fermentation reactors.  Reactor 661 

Ⅰ: The reactor fed with WAS containing 0 mg/L FNA, Reactor Ⅱ: The reactor fed with WAS containing 1.38 mg/L 662 

FNA. 663 

664 
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Table legends 665 

Table 1. The experimental conditions applied in the tests for hydrogen production at different pH values in the presence 666 

of different nitrite levels a 667 

Table 2. The specific degradation rates of BAS, L-glutamate, butyrate, hydrogen, sulfate, and acetate a 668 

669 
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Table 670 

Table 1.  The experimental conditions applied in the tests for hydrogen production at different pH values in the 

presence of different nitrite levels a 

 pH Initial nitrite concentration (mg/L) Initial FNA concentration (mg/L) 

Test-I 5.5 

0 0 

50 0.28 

150 0.83 

250 1.38 

Test-II 6.0 

0 0 

50 0.09 

150 0.26 

250 0.44 

Test-III 8.0 

0 0 

50 8.7×10-4 

150 2.6×10-3 

250 4.3×10-3 
a These tests were conducted with a constant temperature at 35 ± 2℃. 

 671 
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 673 

Table 2  The specific degradation rates of BAS, L-glutamate, butyrate, hydrogen, sulfate, and acetate a 

Substrate 
FNA level  

0 (mg/L) 0.28 (mg/L) 0.83 (mg/L) 1.38 (mg/L) 

BAS 574.8 ± 24.6 533.4 ± 27.3 401.6 ± 21.9 446.6 ± 20.3 

L-glutamate 458.9 ± 21.2 307.8 ± 16.9 224.6 ± 12.6 192.2 ± 12.6 

Butyrate 382.7 ± 17.6 294.4 ± 14.8 254.2 ± 14.7 186.9 ± 9.5 

Hydrogen 4.3 ± 0.7 3.1 ± 0.3 1.4 ± 0.4 1.2 ± 0.1 

Sulfate 27.5 ± 2.8 6.6 ± 0.4 3.8 ± 0.3 2.1 ± 0.1 

Acetate 618.7 ± 32.5 391.8 ± 20.7 221.8 ± 11.2 144.8 ± 6.5 
a Results are the averages and their standard deviations of triplicate tests, and the unit is mg/gVSS·d. 

674 
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Figure 675 

         676 

677 

         678 

Figure 1. The profiles of cumulative hydrogen production in the presence of different nitrite addition at pH 5.5 (a-I), 6.0 679 

(a-II) and 8.0 (a-III) conditions, and correlation between the maximum hydrogen yield and the initial nitrite concentration 680 

(b-I), pH (b-II), and the initial FNA concentration (b-III).  Error bars represent standard deviations of triplicate tests.  681 
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683 

                684 

Figure 2. Soluble protein to total protein ratio (a), soluble carbohydrate to total carbohydrate ratio (b), and soluble COD 685 

concentration measured during the 3 d fermentation, and VSS reduction (d) measured on the third day fermentation from 686 

the fermenters with different FNA additions.  The data were measured in the fermenters performed in Test-I (i.e., pH 5.5 687 

group, Table 1), and error bars represent standard deviations of triplicate tests.  688 
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691 
Figure 3. EEM spectra and percentage of fluorescence response (Pi,n) of the organics released in fermenters with 692 

different additions of FNA. 693 

694 

0 mg /L FNA 0.26 mg/L FNA  

0.83 mg/L FNA  1.38 mg/L FNA  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 32

 695 

Figure 4. The evolutionary tree of top 100 genera in the two long-term reactors.  Reactor Ⅰ: the reactor fed with WAS 696 

containing 0 mg/L FNA, Reactor Ⅱ: the reactor fed with WAS containing 1.38 mg/L FNA. 697 

698 
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 699 

Figure 5. The distribution of bacterial populations at genus level in the two long-term fermentation reactors.  Reactor 700 

Ⅰ: The reactor fed with WAS containing 0 mg/L FNA, Reactor Ⅱ: The reactor fed with WAS containing 1.38 mg/L 701 

FNA. 702 
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Highlights:   

� Nitrate addition promoted hydrogen production from anaerobic fermentation of sludge. 

� Free nitrous acid (FNA) rather than nitrite was the major contributor to the promotion of 

hydrogen yield. 

� FNA not only accelerated the disruption of sludge cells but also promoted the 

biodegradability of organics released. 

� FNA increased the abundances of hydrogen producers and denitrifiers, but reduced the 

abundances of hydrogen consumers. 
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