
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 9 6 1 9e9 6 2 9
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Degradation and transformation of extracellular
polymeric substances (EPS) and dissolved organic
matters (DOM) during two-stage anaerobic
digestion with waste sludge
Zengshuai Zhang a, Liang Guo a,b,*, Yi Wang c, Fengmin Li a,
Yangguo Zhao a, Mengchun Gao a, Zonglian She a

a College of Environmental Science and Engineering, Ocean University of China, Qingdao, 266100, China
b Key Laboratory of Marine Environmental and Ecology, Ministry of Education, Ocean University of China, Qingdao,

266100, China
c Biosystems Engineering Department, Auburn University, Auburn, AL, 36849-5417, United States
a r t i c l e i n f o

Article history:

Received 29 November 2016

Received in revised form

22 February 2017

Accepted 24 February 2017

Available online 17 March 2017

Keywords:

Waste activity sludge (WAS)

Two-stage anaerobic digestion

Extracellular polymeric substances

(EPS)

Dissolved organic matters (DOM)

Excitation-emission matrix (EEM)
* Corresponding author. College of Environm
532 66782810.

E-mail address: geletu@ouc.edu.cn (L. Gu
http://dx.doi.org/10.1016/j.ijhydene.2017.02.2
0360-3199/© 2017 Hydrogen Energy Publicati
a b s t r a c t

Two-stage anaerobic digestion of heating pretreated waste sludge was conducted to

evaluate the ability of biogas production and the changing of soluble chemical oxygen

demand (SCOD), carbohydrate and protein in extracellular polymeric substances (EPS) and

dissolved organic matters (DOM). The changes of volatile fatty acids (VFAs) and NH4
þ-N

were analyzed. The duration of hydrogen production was 1 day and that of the methane

production was 10 days. The highest hydrogen yield of 5.5 ml H2/g VSS and methane yield

of 62.1 ml CH4/g VSS were obtained. The VSS removal of two-stage anaerobic digestion was

40%. Carbohydrate was the main substrate for hydrogen production and protein in DOM

was the main sources for methane production. The structural and functional properties of

organics in DOM were evaluated by using three-dimensional excitation-emission matrix

(3D-EEM) fluorescence spectroscopy with fluorescence regional integration (FRI) analysis.

Moreover, the humification index (HIX) and the fluorescence index (FI) were used to

evaluate the humification and DOM source.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

As an inevitable by-product of the physical, chemical and

biological processes, the waste sludge disposal accounts for

up to 50% of the total wastewater treatment cost [1]. These

waste sludge, which typically contains high concentrations of
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pathogens, hazardous substances, nutrients, organic matters,

heavymetals, potentially hazardous byproducts and offensive

odors, needs for a safe and cost-effective means of treatment

[2]. Anaerobic digestion process has long been applied to the

treatment of waste sludge. Nowadays, anaerobic digestion

which has been frequently utilized to produce renewable bio-

energy like hydrogen and methane, is an important harmless
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method of waste sludge treatment [3]. Simultaneously, the

limitations of low energy recovery and COD removal still exist

at anaerobic hydrogen production process [4,5]. During the

hydrogen fermentation, it is difficult to attain sustainable

energy harvest and high organic removal. As only about

10e20% of the energy potential of organic wastes substrate is

recovered during the dark H2 fermentation [6].

Two-stage anaerobic digestion process combined

hydrogen and methane production has been developed in

recent years [7,8]. A quite high concentration of volatile fatty

acids (VFAs) is residual after the first hydrogenic stage.

Various reports have reported that acetoclastic and hydro-

genotrohpic pathways are indeed common methanogenesis

pathways and the acetoclastic pathway plays an important

role in methane production [9,10]. Accordingly, the remaining

organics can be further utilized bymethanogenic bacteria and

the methane production is a practical choice as a post-

treatment of the first-stage hydrogenic process [11]. Two-

stage anaerobic digestion for integrated biohydrogen and

biomethane production from organic materials has the ad-

vantages of higher process efficiency and greater energy re-

coveries compared to traditional one-stage anaerobic

digestion [12]. Simultaneously, splitting and separately opti-

mizing hydrolysis/acidogenesis and methanogenesis is an

ideal method to enhance the maximize biogas yields, overall

reaction rate, and make the process easier to control, both in

meso- and thermophilic conditions [7,17]. Also, a two-stage

process combining acidogenic hydrogenesis and methano-

genesis has been widely used in the treatment of organic

wastes such as food waste and rice straw [13,14].

Currently, several researches have been carried out to

investigate the sequential production of biogas and the opti-

mization of operational parameters during two-stage anaer-

obic digestion in waste sludge treatment [15,16]. However, few

studies have made a thorough inquiry of EPS and DOM

changes to track the transformation of sludge substrate dur-

ing the two-stage anaerobic digestion. EPS account for about

50%e80% organic matters in waste sludge, and are considered

crucial for physicochemical properties of waste sludge flocs

[17]. The predominant components of EPS contain carbohy-

drate, protein, lipids, nucleic acids, and various hetero-

polymers, which can be used to serve as carbon or energy

sources in conditions of nutrient short supply [18,19]. Dis-

solved organic matters (DOM), which could greatly impact the

microbial community and its activity, are ubiquitous in sludge

and the majority of DOM are the soluble microbial products

originated from EPS [20]. Solubilized DOM contain the easily

usable carbon source which can be directly transformed by

microorganisms to biogas, so it can represent the biodegrad-

ability of waste sludge [21]. The concentration and the quality

of sludge EPS and DOM, which comprise thousands of organic

compounds, are critical factors in the assessment of operation

performance and designing optimum conditions of sludge

anaerobic digestion [19,22]. Therefore, it is important to

investigate the biodegradable properties of organics in EPS

and DOM during two-stage anaerobic digestion.

The objective of this study was to investigate degradation

and transformation of EPS and DOM in waste sludge during

two-stage anaerobic digestion process. Heat pretreatment

was utilized to disrupt the microbial cells and improve
anaerobic digestion of waste sludge. The excitation-emission

matrix coupled with fluorescence regional integration (EEM-

FRI) technique could give spectral information to investigate

the changes of organics and provide insights into the trans-

formation of DOM inwaste sludge treatment processes [23]. In

this study, changing of soluble chemical oxygen demand

(SCOD), carbohydrate and protein in EPS and DOM, as well as

the EEM fluorescence spectra characteristics combined with

regional integration were analysis during two-stage anaerobic

digestion. The humification index (HIX) and the fluorescence

index (FI) were used to evaluate the humification and DOM

source. Moreover, the soluble metabolite of volatile fatty acids

(VFAs) and the concentration of NH4
þ-N in DOM were also

studied to further understanding the biogas production pro-

cess. These investigations are beneficial in understanding the

changing of substrate and the removal of organic matter

during two-stage anaerobic digestion with waste sludge.
Materials and analysis

Source and characteristics of the waste sludge

Waste sludge was taken from the recycled stream of the sec-

ondary treatment stage and digested sludge was collected

from digestion tank of the Tuandao municipal wastewater

treatment plant in Qingdao, China. Prior to use, sludge was

stored at 4 �C after removing coarse matter with grid size

2.0 mm. The pH value of the raw sludge was 6.7 ± 0.3. The SS

(Suspendedsolid) andVSS (Volatile suspendedsolid) of the raw

waste sludgewere 30.7± 0.4 g/L and 18.2± 0.3 g/L, respectively.

And then, heating pretreatment was applied to hydrolyze the

sludge solid. Heat pretreated temperaturewas 80 �C for 30min

in water bath shaker (Yuecheng, SHY-2, China).

Biodegradability batch tests

The first stage of hydrogen production
Pretreated sludge was put in 250ml serum bottles with stirring

of 120 rpm in a reciprocal shaker at 36± 1 �C andwas not added

other nutrients. Before fermentation, the bottles were contin-

uouslyspargedwithN2 for5min todriveair and then thebottles

were cappedwith silica gel stoppers. This stage lasted for 1 day.

The second stage of methane production
After the hydrogen production, 50 ml digested sludge as

inoculum was added in the bottles. The pH was adjusted

above 7.0 using 1 mol/L NaOH. This mixed substrate was put

in reciprocal shaker with stirring of 120 rpm at 36 ± 1 �C and

was not added other nutrients. Before methane production,

the bottles were continuously sparged with N2 for 5 min to

drive air and then the bottles were capped with silica gel

stoppers. Under identical condition, all tests were performed

in triplicate. This stage lasted for 12 days.

Analytical methods

Chemical analysis
SS, VSS, SCOD and NH4

þ-N were determined by standard

method [24]. The method of draining saturated salt water was

http://dx.doi.org/10.1016/j.ijhydene.2017.02.201
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used tomeasure the volume of biogas, and the biogas (H2, CH4,

CO2 and other gas) contents were measured by a gas chro-

matograph (GC7900, Tianmei Shanghai, China) equipped with

thermal conductivity detector (TCD) and a packed column

(PORAPAK Q 80-100, 2.0 m � 2.0 mm). The VFAs (Volatile fatty

acids) were measured with a gas chromatograph (Shimadzu

GC2010, Japan) equippedwith a flame ionization detector (FID)

and a capillary column (DB-FFAP, 30 m � 0.25 mm � 0.25 mm).

The concentration of carbohydrate was detected by the

phenol-sulfuric acid method and the protein was determined

by Lowry's method [25].

The extraction of EPS and DOM
EPS extraction: The thermal treatment method was used to

extract the EPS of sludge [26]. The sludge was centrifuged at

5000 r/min for 10 min and removed the supernatant. Sludge

that was left in the centrifuge tube was mixed with distilled

water and then centrifuged. The sludge washing process

was repeated for three times then placed the washed

sludge in a 80 ± 1 �C water bath shaker for 10 min followed

by centrifuged at 8000 r/min for 10 min with supernatant

being collected. The collected supernatants were filtered

through a 0.45 mm cellulose acetate membrane for EPS

analysis.

DOM extraction: The waste sludge was centrifuged at 8000

r/min for 20 min and then filtered through a 0.45 mm cellulose

acetate membrane. The collected filtrate was used for DOM

analysis [27].

Fluorescence spectroscopy and fluorescence regional integration
(FRI) analysis
Fluorescence EEM measurements were conducted using a

Hitachi F-4500 spectrofluorometer (Tokyo, Japan). To obtain

fluorescence EEMs, the emission wavelengths (Em) were

incrementally increased from 200 nm to 500 nm with a 5 nm-

increment and the excitationwavelengths (Ex) increased from

200 nm to 400 nmwith a 5 nm-step. The scan speed was set at

1200 nm/min. EEM fluorescence spectra was divided into five

regions: Region I of tyrosine-like protein (Ex/Em wavelengths,

200-250/200-330 nm), Region II of tryptophan-like protein (200-

250/330-380 nm), Region III of fulvic acid-like organics (200-

250/380-500 nm), Region IV of soluble microbial by-product

(250-280/200-380 nm) and Region V of humic acid-like or-

ganics (250-400/380-500 nm).

The fluorescence regional integration (FRI) technique was

utilized to calculate the volumetric percentage of each region

in all the EEM spectra. The FRI technique was adopted for EEM

spectral data analysis and the calculation of percent fluores-

cence response (Pi,n, %) was the same as the previous study

[28].

HIX and FI calculations
Humification index (HIX) determined from the ratio of two

integrated regions of an emission scan (sum from

lem435e480 nm divided by the sum from lem 300e345 nm)

collected with excitation at 254 nm as a method for

comparing the relative humification of DOM samples [29].

FI determined from the ratio of emission intensity at

450 nm to that at 500 nm, following excitation at 370 nm

[30].
Results and discussions

Changing of biogas yield and NH4
þ-N

The hydrogen and methane, as promising alternative energy

to fossil fuels, were the important gaseous products from

anaerobic digestion process. Free ammonia in solution was

regarded as a potential inhibitor during anaerobic digestion

[31]. Fig. 1 shows biogas yield, hydrogen and methane con-

tents, biogas production, and the changing of NH4
þ-N during

two-stage anaerobic digestion. The highest hydrogen yield of

5.5 ml H2/g VSS was achieved at 4.5 h and the lag time of

hydrogen production was 0.5 h in the first stage. The highest

cumulative production of hydrogen was 10.0 ml and the

content of hydrogen increased from 49.3% to 57.5% at 1e4.5 h.

Hydrogen and carbon dioxide were the main constituents of

the generated biogas during hydrogen production process in

this study. The remarkable increase in hydrogen production

occurred in 1.5e3.5 h and the concentration of NH4
þ-N

decreased from 110.8 mg/L to 104.4 mg/L in this period. It was

reported that low strengths of ammonia concentration in

waste sludge showed high microbial diversity, resulting in

high hydrogen production rate [32]. In this study, the de-

creases of NH4
þ-N concentration had positive effect on

hydrogen production. During the second stage, the maximum

methane yield of 62.1 ml CH4/g VSS was obtained at 240 h and

the lag time of methane production was 8 h. The highest cu-

mulative production of methane was 112.8 ml and the

methane content increased from 36.9% to 63.2% at 1e10 days.

The biogas produced from the second stage contained

methane, carbon dioxide and a little hydrogen without

detectable other gases. The remarkable increase in methane

production took place from 48 h to 120 h, which increased

from 19.3 ml CH4/g VSS to 43.7 ml CH4/g VSS. The concen-

tration of NH4
þ-N decreased by 10.2% until 120 h, and then it

increased from 126.1 mg/L to 173.6 mg/L at 120e144 h. Meth-

anogenesis process could be expected to fail when the free

ammonia nitrogen concentration exceeds 150 mg/L [31]. It

meant that the high concentration of NH4
þ-N inhibited the

methane production process after 120 h.

It was reported that the highest methane yield was 73.0 ml

CH4/g VS with the sludge of TS 48.7 g/L for anaerobic digestion

and the HRT was 45 days [33]. The highest methane yield of

31.2 ml CH4/g VS and the HRT of 20 days was obtained for

using the sludge of TS 5.2% [15]. In this study, the highest

hydrogen yield was 5.5 ml H2/g VS and methane yield was

62.1 ml CH4/g VS during the two-stage anaerobic digestion

with sludge (TS 30.7 g/L). Methane was produced after hy-

drolysis and hydrogen production and the HRT decreased to

12 days. It was implied that two-stage anaerobic digestion

with sludge had advantages in biogas production and HRT

decrease.

Distribution and characteristic of soluble metabolite

Soluble metabolites which included VFAs and ethanol were

the main products during the hydrogen production [27].

Simultaneously, the VFAs were the easiest accessible fraction

in the production of methane [34]. Fig. 2 illustrates the

http://dx.doi.org/10.1016/j.ijhydene.2017.02.201
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distributions and characteristics of solublemetabolites during

the two-stage anaerobic digestion process. The concentration

and composition of the soluble metabolites, which were pro-

duced accompanied by hydrogen formation, were useful in-

dicators for monitoring the hydrogen production process [35].

In the raw sludge, soluble metabolites only included ethanol

and propionic acid, which concentrations were 110.5 mg/L

and 3.7 mg/L. After hydrolysis, the ethanol, propionic acid,
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detected. Ethanol-type fermentation was the main fermen-

tation type of the hydrogen production in this study. During

the hydrogen fermentation, the VFAs and ethanol were

almost unchanged from 0 h to 4.5 h. However, the concen-

trations of VFAs and ethanol increased from 281.7 mg/L to

510.2 mg/L at 4.5e24 h. It was reported that the concentration

of VFAs could influence the hydrogen production, and high

concentration of VFAs restrained the hydrogen production

[37]. Accordingly, the significantly increases of VFAs could

inhibit the activity of hydrogen-producing bacteria, which led

to the decreasing of hydrogen production after 4.5 h. When

butyric acid was at certain concentration, it could repress the

activity of hydrogen-producing bacteria and thus was not

favorable for fermentative hydrogen production [38]. In this

study, the concentration of butyrate acid increased by 67.4%

from 4.5 h to 24 h and it also had negative effect for hydrogen

production.

The conversion rate from volatile fatty acids (VFAs) to

acetic acid would affect the activity of methanogenic bacteria,

and subsequently affected the degradation rate of acetic acid

and methane yield [34]. At the beginning of methane pro-

duction, the concentration of VFAs increased from 506.2 mg/L

to 618.9 mg/L before 29 h and the acid-producing bacteria still

had a certain activity. The hydrogen fermentation process

was existed at the beginning of the second stage. Acetic acid

decreased by 88.6% and its concentration decreased from

474.3 mg/L to 54.2 mg/L at 29e288 h. The butyrate acid and

valeric acid were not detected, and the concentration of pro-

pionic acid was only 3.0 mg/L at the end of second stage.

Before being degraded to methane, all VFAs were first

degraded to acetic acid [34]. It meant that propionic acid,

butyrate acid and valeric acid were converted to acetic acid at

first, and then were utilized by methanogenic bacteria. It was

reported that the methanogenic bacteria quantity would fall

when the propionic acid concentration increased [39]. In this

study, the concentration of propionic acid was all less than

10 mg/L and it would not affect the activity of methanogenic

bacteria. Compared with the VFAs, the ethanol had faster

degradation rate and the accumulation was mild [34]. There-

fore, the ethanol was only detected at the first three days of
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methane production process. It was well known that a pH

range of 6.6e7.6 was a viable environment for most metha-

nogens [40]. In this study, the pHwas in the range of 6.9e7.5 in

the second stage. It was indicated that the pH buffering ca-

pacity was fine and the pH condition of the cultures did not

affect the methane production.

Degradation and transformation of SCOD, carbohydrate
and protein in EPS and DOM

Hydrogen production process
The changes of SCOD, carbohydrate and protein in EPS and

DOM during the hydrogen production process are shown in

Fig. 3. EPS were complex high-molecular-weight mixture of

polymers excreted by microorganisms and its were produced

by metabolism of hydrogen-producing bacteria during the

hydrogen fermentation [41]. Because of thermal hydrolysis,

the concentrations of SCOD, carbohydrate and protein in EPS

decreased from 4888.0, 110.0 and 1409.3 mg/L to 4158.5, 16.9

and 890.9 mg/L, respectively. In this study, the concentrations

of SCOD and protein in EPS decreased by 13.7% and 71.6%, but

the carbohydrate increased from 16.9 mg/L to 33.5 mg/L dur-

ing the hydrogen fermentation. Some researchers have re-

ported that higher substrate degradation rate would lead to a

greater EPS production rate [42]. It was implied that some high

molecular weight biodegradable substances were degraded

and transformed to low molecular weight carbohydrate dur-

ing the hydrogen production process. The maximal SCOD

decreasing rate (40.9%) in EPS occurred in 0e3.5 h and then it

experienced a slight rise over the next 20.5 h. The hydrolysis

and assimilation co-existed in the hydrogen fermentation

system, which could make the SCOD release and accumula-

tion [43]. It was indicated that hydrogen bacteria utilized

SCOD in dissolved organic, which led to the hydrolysis rate of

SCOD increasing and the concentration of SCOD in EPS

decreasing in the hydrogen production process.

Heat pretreatment could release EPS and intracellular

biopolymers, such as protein and carbohydrate from the

waste sludge floc structure into the DOM, aswell as enhancing

concentration of SCOD [44]. The SCOD, protein and
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carbohydrate of DOM in raw sludge were 13,180.1, 186.6 and

166.3 mg/L. After hydrolysis, the concentrations of SCOD,

protein and carbohydrate were 23,149.7, 1542.5 and 278.4 mg/

L, respectively. During the hydrogen fermentation, the con-

centrations of SCOD, carbohydrate and protein decreased by

56.7%, 78.9% and 5.2% in the first 4.5 h, and then the concen-

tration of SCOD enhanced by 1.4 folds over the next 19.5 h. The

minimum SCOD concentration (10,019.1 mg/L) was obtained

at 4.5 h and the minimum carbohydrate concentration

(36.2mg/L) was achieved at 5.5 h. The hydrogen bacteria could

use soluble matter in sludge to maintain the metabolism and

compose themselves, and it led to the decrease of SCOD [27].

Carbohydrate-rich waste such asmolasses is preferred for the

hydrogen production [11]. It was implied that the hydrogen

bacteria mainly utilized carbohydrate to produce hydrogen

and the utilization rate was higher than hydrolysis rate in the

first 4.5 h. Over the next 19.5 h, the activity of hydrogen bac-

teria decreased, which led to the SCOD concentration

increasing. At the end of hydrogen production, the concen-

trations of SCOD, carbohydrate and protein in DOM were

24,122.3, 67.6 and 1063.9mg/L, respectively. The concentration

of substrate in DOM was relatively high and it had the po-

tential for further utilization for methane production.

Methane production process
As the nutrient in substrate was shortage, the EPS would be

hydrolyzed to serve as carbon and energy source for the gas

production [42]. Hydrolysis occurred throughout the anaer-

obic digestion process comprising the methane production

process. Fig. 4 shows the changes of SCOD, protein and car-

bohydrate in EPS and DOM during the methane production

process. At the beginning of methane production process,

concentrations of SCOD, carbohydrate and protein in EPSwere

4785.7, 29.7 and 452.2 mg/L respectively. A higher hydrolysis

was observed in the CH4 reaction compared to the H2 reaction

as the optimum hydrolysis pH of organic waste was close to

the optimum pH range of methanogenic archaea [45]. During

themethane production process, the concentrations of SCOD,

carbohydrate and protein decreased by 42.7%, 18.2% and

92.7%. The lowest concentration of SCOD in EPS was

1381.5 mg/L at 60 h. It suggested that the hydrolysis
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Fig. 4 e Concentrations of SCOD, carbohydrates and prot
conversion ratio of the second stage was higher than that of

first stage in this study.

The VFAs, which produced in hydrogen fermentation

process, were not the only substrate for methane production,

and the carbohydrate and protein hydrolyzed from solid in

methane production stage were also the sources for methane

production, especially for waste sludge digestion [46]. Before

the methane production, the concentrations of SCOD, car-

bohydrate and protein in DOM were 6341.9, 136.8 and

518.4 mg/L, respectively. The maximal decreasing rate of

SCOD, carbohydrate and protein were 36.4%, 72.1% and 69.1%

during the methane production. The concentration of protein

decreased from 518.4 mg/L to 160.0 mg/L and the decreasing

concentration of protein was higher than that of carbohy-

drate. It was found that the majority of carbohydrate was

removed in the hydrogen fermentation process, and the

protein was removed mainly in the methane production

process [45]. In this study, the protein in DOM was the main

sources for methane production. The degree of protein

degradation could be determined by the ammonia concen-

tration [47]. In the methane production process, the NH4
þ-N

concentrations increased from 117.9 mg/L to 186.2 mg/L

(Fig. 1). The removal and utilization of protein could lead to

the increasing of NH4
þ-N in DOM.

Fluorescence EEM spectra and FRI technique assessment

Fluorescence excitation emission matrix (EEM) spectroscopy,

as a potent, useful, and highly sensitive tool for character-

izing DOM in waste sludge, could be used to capture specific

fluorescence features and distinguish the fluorescence

compounds present in DOM [48]. The mathematical models

of fluorescence regional integration (FRI) have been utilized

to decompose the EEM spectra in an effort to overcome the

overlaying in EEM spectra [49]. Thus, 3D-EEM fluorescence

spectroscopy with FRI analysis was utilized to obtain

biodegradable and non-biodegradable components distribu-

tion and changes in DOM. Fig. 5 and Fig. 6 show the EEM

fluorescence spectra and percent fluorescence response (Pi,n)

of DOM during the hydrogen and methane production

process.
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Fig. 5 e The distribution of FRI in DOM during the hydrogen

and methane production process.
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Hydrogen production process
The highest contribution proportion of Pi,n of DOM in the raw

sludge was 32.2% (Region V, humic acid-like organics) and

25.6% (Region III, fulvic acid-like substances), followed by Re-

gion II (tryptophan-like protein) of 25.0%, Region IV (soluble

microbial by-product) of 13.3%, Region I (tyrosine-like protein)

of 3.8%. During the hydrogen production, the minimum fluo-

rescence intensity of Region I, II, III and IV were 1071.9, 3924.8,

9986.1 and 4397.2 (au) at the maximal hydrogen yield (4.5 h),

which decreased by 41.9%, 37.4%, 33.4% and 26.4%, respec-

tively. The Pi,n of Region I, II, III and IV decreased from 2.7%,

23.9%, 23.8% and 10.5%e1.8%, 17.2%, 18.2% and 8.9%. It was

reported that protein could not be utilized by hydrogen-

producing bacteria derived from heat-treated sludge until it

was hydrolyzed into amino acid [50]. Hence, tyrosine-like

protein and tryptophan-like protein were well degraded to

amino acid and the soluble microbial by-product was the

main substrate for hydrogen bacteria. The maximal fluores-

cence intensity of Region V (88,531.3 au) was obtained at the

maximal hydrogen yield and the Pi,n in Region V was 53.8% of

the five regions. The humic acid-like organics were accumu-

lated in the first 4.5 h of hydrogen fermentation. As a by-

product of the sludge decrement, humic acid-like organics

were particularly difficult to degrade and could inhibit the

utilization of waste sludge with hydrogen fermentation
bacteria [35,51]. The high concentration of humic acid-like

organics inhibited the utilization of waste sludge by

hydrogen bacteria. According to EEM fluorescence spectra, the

biodegradable DOM (tyrosine-like protein and soluble micro-

bial by-product) were utilized more easily, more completely

and non-biodegradable (tryptophan-like protein, fulvic acid-

like substances, and humic acid-like organics) were more

likely to be accumulated [35]. After the maximal hydrogen

yield (4.5 h), the fluorescence intensity of Region I and IV

increased by 0.3 and 0.8 folds, and the Pi,n in Region I and IV

increased from 1.8% and 8.9% to 3.2% and 21.4%, respectively.

It was indicated that the hydrolysiswas themain process after

the maximal hydrogen yield.

Methane production process
During the methane production process, the percent fluores-

cence response (Pi,n, %) of Region IV and V was the main

substances in DOM, which accounted for 67.7% of the five

regions at the beginning of the methane production. At the

maximal methane production rate (60 h), the fluorescence

intensity of DOM in Region I, II, III, IV and V decreased by

64.0%, 58.7%, 40.0%, 62.8% and 28.1% compared to the begin-

ning of methane production. The Pi,n of Region I, II and IV

decreased from 3.3%, 16.7% and 37.0%e2.3%, 13.5% and 26.8%,

whereas, Region III and V increased from 12.3% and 30.7% to

14.5% and 43.0% from 0 h to 60 h, respectively. It was implied

that the methanogenic bacteria preferred using the protein-

like substances and soluble microbial by-product to produce

methane. During the methane production process, the fluo-

rescence intensity of Region I, II, III, IV and V decreased by

26.3%, 45.0%, 6.3%, 52.2% and 5.6%, and the final fluorescence

intensity were 1356.8, 1640.3, 5353.2, 7360.7 and 40,231.8 (au).

At the end of methane production, the Pi,n of Region V

accounted for 41.5% of the five regions. It was indicated that

the biodegradable remaining organics that were degraded by

the bacteria in hydrogen fermentation process, were easily

used by methanogenic bacteria. However, the non-

biodegradable (humic acid-like organics) had a slight accu-

mulation at the end of methane production.

HIX and FI analysis

As an indicator to assess the bioavailability of DOM within a

natural system, the HIX is used to investigate the degree of

humification because highly humified organic material is ex-

pected to be less labile in comparison to the low degree hu-

mified organic substance [52,53]. The HIX value in the raw

sludge was 4.2 and it was 2.0 after hydrolysis. During the

hydrogen production process, the HIX value increased from

2.0 to 2.5 in the first 4.5 h, and then it decreased to 1.6 at the

end of hydrogen production. During the methane production

process, the value of HIX increased from 1.7 to 2.1. It was

implied that after hydrolysis, the degree of humification in

DOM was lower than raw sludge, and the bioavailability of

DOM was improved.

FI values, which of 1.4 or less indicate DOM of terrestrial

origin and which of 1.9 or higher correspond to microbially

derived material, is used to distinguish sources of DOM [54].

The FI value of the raw sludge was 2.1 and decreased to 1.1

after hydrolysis. At the end of hydrogen and methane

http://dx.doi.org/10.1016/j.ijhydene.2017.02.201
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Fig. 6 e The main EEM spectra of DOM during the hydrogen and methane production process.
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the hydrogen and methane production process (A1: Raw

sludge, B2: After hydrolysis, C3: Ending of hydrogen
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Ending of methane production).
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production, the values of FI were 0.7 and 0.5, respectively. It

meant that the microbial DOM was the main DOM source in

raw sludge. The main DOM source changed to terrestrial after

fermentation and the bioavailability of DOM decreased.

The variation of SS, VSS and VSS removal rate

The SS and VSS reductions could be regarded as important

purpose that were expected to be achieved in total mass of

sludge reductions [55]. According to Fig. 7, the SS and VSS all

decreased during the hydrogen and methane production

process. The concentrations of SS and VSS in raw sludge were

30.7 g/L and 18.3 g/L and that were 25.8 g/L and 16.8 g/L after

hydrolysis. The concentrations of SS and VSS decreased from

25.8 and 16.8 g/L to 25.4 and 16.2 g/L at the stage of hydrogen

production and that decreased from 22.8 and 14.8 g/L to 19.1

and 11.0 g/L at the stage of methane production, respectively.

The maximal VSS removal rate of hydrolysis process,

hydrogen production process and methane production pro-

cess were 8.2%, 3.6% and 25.7%, respectively. It was indicated

that the removal of SS and VSS in sludge was mainly

happened in methane production process.
Conclusion

During the hydrogen fermentation, the significantly increases

of butyrate acid inhibited the activity of hydrogen-producing

bacteria. The propionic acid, butyrate acid and valeric acid

were converted to acetic acid at first, and thenwere utilized by

methanogenic bacteria in methane production process.

Humic acid-like organics were all accumulated and inhibited

the utilization of waste sludge by hydrogen andmethanogenic

bacteria. The cumulative production and content of hydrogen

were 10.0ml and 57.5% and that ofmethanewere 112.8ml and

63.2%. The maximal VSS removal rate of hydrolysis process,

hydrogen production process and methane production pro-

cess were 8.2%, 3.6% and 25.7%, respectively and the maximal
VSS removal rate was obtained at the stage of methane pro-

duction. Moreover, in according to the changes of HIX and FI

value, the bioavailability of DOM was improved after hydro-

lysis and the bioavailability of DOM in waste sludge decreased

after hydrogen and methane production.
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