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Abstract  

The nitrate removal using the sludge alkaline fermentation liquid and thermal 

hydrolysis liquid as external carbon sources was investigated in this study. The nitrate 

removal efficiency with sludge fermentation liquid was higher than that with sludge 

thermal hydrolysis liquid, and the specific denitrifying rates were 7.94 g/kg MLVSS·h 

(MLVSS is Mixed Liquor Volatile Suspended Solids) and 1.16 g/kg MLVSS·h, 

respectively. The utilization of dissolved organic matters (DOM) during 

denitrification process was analyzed by three-dimensional excitation-emission matrix 

(EEM) fluorescence spectroscopy with fluorescence regional integration (FRI) 

analysis. The EEM fluorescence intensity of Region I (tyrosine-like protein) and IV 

(soluble microbial by-product) all decreased with two kinds of sludge carbon sources. 

Furthermore, the consumption of soluble chemical oxygen demand (SCOD), volatile 

fatty acids (VFAs), protein and carbohydrate by denitrifier during the denitrification 
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process were also analyzed. 

Key words: Nitrate removal, Denitrification, External carbon source, Waste sludge, 

EEM 

1. Introduction 

In wastewater biological nitrogen removal process, traditional heterotrophic 

denitrification process requires a series of steps from nitrate to nitrogen gas. And 

denitrification is the key removal mechanisms for transforming nitrate to gaseous 

forms of nitrogen. In addition, the amount of organic compounds in influential 

wastewater often is not sufficient for efficient denitrification. In such cases, specific 

available commercial compounds (“conventional” external carbon sources), such as 

methanol, ethanol, acetic acid, and sodium acetate, are usually added to improve the 

biological nutrient removal performance
1
. It was reported that methanol has to be 

oxidized to its corresponding VFAs before denitrifier utilization, which leads to lower 

denitrifying rates
2,3

. Furthermore, these commercial external carbon sources are 

expensive and increases operational cost. So it is important to find an economical 

carbon sources.  

Various industrial by-products or waste materials have recently received more 

attention as “alternative”, cost-effective external carbon sources for denitrification. It 

was reported that with waste sludge fermentation liquid as carbon source, the removal 

of nitrate were enhanced more markedly than that with glucose; if inexpensive and 

renewable sludge fermentation liquid was used instead of traditional organic carbon 

as feedstock for biological nitrate removal process, the operation cost could be greatly 
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reduced 
4
. The methods how to extract and utilize the sludge internal carbon source 

efficiently are critical and have attracted more and more attention. The VFAs have 

been proven to be more direct carbon sources to enhance biological nitrogen removal 

comparing to the traditional extra organics
5
. The alkaline fermentation liquid showed 

better performance for denitrification and higher specific endogenous denitrification 

rate 
6
. The sludge fermentation liquid is rich in VFAs, which can be obtained from 

anaerobic acidification and subsequently consumed for denitrification in many 

anaerobic-anoxic coupled processes
7-9

.  

There are not only VFAs but also protein and carbohydrate in the sludge 

fermentation liquid, which also can be served as external carbon sources. Until 

recently, there was little information on the transformation and consumption of 

protein, carbohydrate and other organic compounds during denitrification process 

using sludge external carbon sources. So the objective of this study was to investigate 

the utilization of the sludge fermentation liquid and the hydrolysis liquid as carbon 

sources on the nitrate removal. The changes of COD, protein and carbohydrate, as 

well as the EEM fluorescence characters with FRI during the denitrification process 

was also analyzed. 

2. Material and method 

2.1 Seeding sludge and Synthetic wastewater 

Two internal recycle SBRs, each with working volume of 2 L, were used to 

investigate the effect of the carbon sources on nitrate removal. The seeding sludge and 

sludge carbon sources were taken from the secondary sedimentation tank of the 
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Tuandao municipal waste water treatment plant in Qingdao, China. Prior to use，

sludge was sieved by grid size 2.0 mm to remove coarse matter and stored in 4 °C 

refrigerator. The characteristics of waste sludge are given in Table 1. 

The synthetic wastewater fed into the two SBRs contained (per liter): 432.9 mg 

KNO3(60 mg NO3
-
-N), 52.6 mg KH2PO4, 100 mg NaHCO3. The sludge fermentation 

liquid and the sludge thermal hydrolysis liquid were added in two SBRs as 

denitrification carbon source, and the influent COD was about 600 mg/L, respectively. 

Additionally, 1 mL trace-element was added per liter of synthetic wastewater. Each 

liter of trace-element was composed of 30 g MgSO4, 17.2 g FeSO4·7H2O, 7.5 g 

CaCl2·2H2O, 0.5 g MnCl2, 0.01 g NiCl2·6H2O, 0.05 g H3BO3, 6.105 g ZnSO4·7H2O, 

0.22 g CuSO4·5H2O, 0.5 g CoCl2·6H2O. 

2.2 Experimental procedure  

The SBRs were automatically operated with time controllers regulating all 

peristaltic pumps and stirrers. Each SBR was operated on the three cycles per day, 

each cycle consisted 7 min feeding, 7 h anoxic, 43 min settling, 2 min decanting and 8 

min idle periods. During the 7 min feeding period, 1.0 L of synthetic wastewater was 

pumped into the reactor. 

Sealed conical flasks (250 mL) were used in the batch experiments to investigate 

denitrifying rate. Denitrifying sludge was inoculated in sealed conical flask. The 

concentrations of denitrifying sludge was 1250±300 mg VSS/L. Afterwards, 

fermentation liquid and hydrolyzed liquid were added into the reactors respectively. 

Then nitrogen gas was immediately blown into the reactors to establish an anoxic 
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environment.  

2.3 Characteristics of the sludge alkaline fermentation liquid and thermal 

hydrolysis liquid  

The sludge alkaline fermentation liquid was obtained by fermenting in the 

incubator at pH 10.0 and 35 °C for 12 h. The sludge thermal hydrolysis liquid got by 

hydrolyzing at 100 °C for 1 h. Then the mixture was centrifuged at 4800 r/min for 20 

min, and the supernatant was used as carbon source and stored at 4 °C before used. 

The characteristics of the sludge fermentation liquid and the hydrolysis liquid are 

given in Table 2. 

2.4 Analytical methods  

2.4.1 Chemical analysis  

The liquid samples from the two SBRs were centrifuged at 4800 rpm for 10 min, 

the concentration of NO3
-
-N, NO2

-
-N, NH4

+
-N, COD were measured according to the 

standard methods
10

. The concentration of carbohydrate were determined by the 

phenol-sulfuric acid method, with glucose as the standard solutio
11

, while the protein 

were measured by Lowry-Folin method with bovine serum albumin as standard
12

. 

Samples for the analysis of VFAs (acetic, propionic, butyric, valeric) were measured 

by a gas chromatograph (GC2010，Shimadzu, Japan) equipped with a flame ionization 

detector (FID) and a capillary column (DB-FFAP, 30 m×0.25 mm×0.25 µm)
13

. The 

temperature of the injector and FID were 250 °C and 300 °C, respectively. Nitrogen 

gas was used as the carrier gas with a flow rate of 31.4 mL/min. The oven of GC was 

programmed to begin at 80 °C, then to increase at a rate of 10 °C to 140 °C, and 
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followed by increases at a rate of 20 °C /min to 180 °C. The sample injection volume 

was 1.0 µL. 

2.4.2 Fluorescence spectroscopy and fluorescence regional (FRI) analysis  

The samples were measured by EEM fluorescence spectroscopy in a 1 cm quartz 

cuvette using a Hitachi F-4500 spectrofluorometer (Tokyo, Japan) at 24 °C. The 

excitation and emission slits were set to a 5 nm band-pass. Each EEM plot was 

generated by scanning excitation wave lengths from 200 to 400 nm and emitting 

fluorescence between 200 and 500 nm with 5 nm steps. The slits for excitation and 

emission were set to 5 nm and the scan speed was 1200 nm/min. To partially account 

for Raleigh scattering, the fluorometer´s response to a blank solution was subtracted 

from the fluorescence spectra recorded for samples
14

. Raman scattering was regulated 

using interpolation
15

. 

The FRI technique was adopted for EEM spectral data analysis 
14

. EEM peaks 

were divided into five regions 
16

, including simple aromatic proteins such as tyrosine 

and tryptophan (Regions I and II), fulvic acid-like substances (Region III), related to 

soluble microbial by-product-like materials (Region IV), Humic acid-like organics 

(Region V). 

 The FRI technique was developed to integrate the area beneath EEM spectra. 

The volume beneath region “i”of the EEM was φi. The normalized ex/em area 

volumes (φi,n,φT,n) can be calculated with Equ. (1) and Equ. (2). 

∅
�，�

= M��∅� = M�� ∑ ∑ �	
��
����� ∆
��∆
�                         (1) 

∅
�，�

= ∑∅
�，�

                                                      (2) 
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In which ∆
�� is the excitation wavelength interval (taken as 5 nm), ∆
�is the 

emission wavelength interval (taken as 5 nm), and �	
��
��is the fluorescence 

intensity (au) at each excitation-emission wavelength pair. M�� is multiplication 

factor, equal to the inverse of the fractional projected excitation-emission area. 

The percent fluorescence response (��,�, %) were calculated as Equ. (3). 

��,� =
∅�,�

∅�,�
× 100%                                                  (3) 

3．．．．Discussion and results  

3.1 Comparison of nitrogen removal performance with different sludge carbon 

sources  

The profile of NO3
-
-N, NH4

+
-N and NO2

-
-N using sludge alkaline fermentation 

liquid and the sludge thermal hydrolysis liquid as external carbon sources are shown 

in Fig.1. The denitrification process was devided into three stages. At stage I (day 

1-14), the nitrate removal efficiency with the sludge fermentation liquid and the 

sludge thermal hydrolysis liquid carbon sources were 10.14% and 7.32%, respectively. 

Accumulated nitrite concentration of effluent were 3-6 mg/L (sludge fermentation 

liquid) and 3-5 mg/L (sludge thermal hydrolysis liuqid). It was indicated that the 

denitrification bacteria didn’t accommodate to the sludge carbon sources, and the 

nitrate was partly converted to nitrite.  

At stage II (day 15-40), nitrate ramoval efficiencies were higher than that of 

stage I, which were 60.65% and 30.23%, respectively. It implied that the 

denitrification bacteria adapted to the sludge carbon sources gradually, and the 

denitrification efficiency of sludge fermentation liquid was better than that of the 

Page 7 of 24 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

8 

 

sludge thermal hydrolysis liquid. Using sludge fermentation liquid as the carbon 

source resulted in high nitrate removal efficiency. The incomplete denitrifers was also 

dominant in the denitrifying bacterial communities duirng the denitrification process 

at stage II. The nitrite concentration of effluent were 6-10 mg/L (sludge fermentation 

liquid) and 3-8 mg/L (sludge thermal hydrolysis liquid), respectively. The insufficient 

carbon leaded to nitrite accumulated and incomplete denitrification
17

.  

At stage III (day 41-52), the removal efficiencies of nitrate reached up to 98.07% 

(sludge fermentation liquid) and 90.18% (sludge thermal hydrolysis liquid), 

respectively. At the same time, there was little nitrite accumulation, and the effluent of 

nitrite declined to 0.4 mg/L (sludge fermentation liquid) and 1.0 mg/L (sludge thermal 

hydrolysis liquid). It was implied that the denitrifiers could accommodate the sludge 

carbon sources after 40 d cultivation, and the denitrification efficiency of the sludge 

fermentation liquid was better than that of the sludge thermal hydrolysis liquid. 

Anything else, the specific denitrifying rates with the sludge fermentation liquid and 

the sludge thermal hydrolysis liquid were 7.94 g/(kg MLVSS·h) and 1.16 g/(kg 

MLVSS·h), respectively. The nitrate removal efficiency of sludge alkaline 

fermentation liquid was faster than that of sludge thermal hydrolysis liquid. The 

sludge fermentation liquid could perform more efficiency as external carbon source 

for nitrate removal than the sludge thermal hydrolysis liquid. There was a large 

amount of large molecular organics, such as carbohydrates and protein in the sludge 

thermal hydrolysis liquid. The higher denitrification rate is provided by the most 

readily biodegradable COD and the slowly biodegradable COD needs to be 
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hydrolysed prior to denitrification
18

. VFAs were the main products in the fermentation 

system
19

. When the sludge fermentation liquid used as the external carbon source, the 

nutrient removal efficiency could be improved obviously
20, 21

. 

It was also found that the concentration of NH4
+
-N decreased about 10 mg/L 

with the sludge alkaline fermentation liquid during the denitrification process. Using 

the sludge fermentation liquid as carbon source, biodegradable organic matters had 

been transformed to VFAs which could be easily used by denitrifiers, and the NH4
+
-N 

was consumed to synthesise microbial cells during the process. Oppositely, the 

NH4
+
-N concentration increased about 11.6 mg/L with the sludge thermal hydrolysis 

liquid. It was reported that waste activated sludge (WAS) acidification could be 

integrated with denitrification in sludge fermentors
22

. The nitritation effluent recycled 

into the fermentor for denitrification, leading to the stimulation of denitrification and 

methanogenesis fermentation
23,24

. When using the sludge thermal hydrolysis liquid as 

the carbon source, anaerobic fermentation and denitrification process were 

co-existence, some organic matters such as protein could be further hydrolysed before 

being used as carbon source, which reduced to the enhancement of NH4
+
-N.  

3.2 Organic matters consumption during denitrification process 

The COD, protein and carbohydrates concentration profiles with the sludge 

thermal hydrolysis liquid and the sludge fermentation liquid as the external carbon 

sources are shown in Fig.2. The COD, protein and carbohydrates were consumed 

gradually during the denitrification process. When using the sludge thermal 

hydrolysis liquid as the carbon source, the COD, protein and carbohydrates consumed 

Page 9 of 24 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

10 

 

126.43, 64.19 and 16.31 mg/L at stage I, consumed 197.97, 102.44 and 26.05 mg/L at 

stage II, consumed 224.86, 151.72 and 58.07 mg/L at stage III, respectively. For the 

sludge fermentation liquid, the COD, protein and carbohydrates consumed 137.50, 

17.74 and 3.37 mg/L at stage I, consumed 243.01, 66.04 and 9.76 mg/L at stage II, 

consumed 289.13, 96.60 and 21.86 mg/L at stage III, respectively. It could be found 

that the consumption of protein and carbohydrates with the sludge thermal hydrolysis 

liquid was higher than that of the sludge fermentation liquid. As the sludge 

fermentation liquid contained a mass of VFAs, which were small molecular 

compounds and could be used more easily than the protein and carbohydrates by the 

denitrifers 
1
. So the denitrifers utilized VFAs prior, and then used the protein and 

carbohydrates. The protein and carbohydrates were the main composition of the 

sludge thermal hydrolysis liquid, which could be further hydrolysed at first and then 

used by the denitrifers. 

Fig. 3a illustrates that the composition of VFAs were acetic, propionic, butyric, 

and valeric acids. Acetic acid, which accountd for 90% of VFAs, was the dominant 

VFAs 
25, 26

. Detectable SCFAs (Short Chain Fatty Acids) produced in sludge alkaline 

fermentation liquid because of the carbohydrates and proteins anaerobic bacterical 

metabolism, and acetic acid was the main product in the fermentation system
19

. Fig. 

3b shows the variations of the VFAs with the sludge alkaline fermentation liquid as 

the carbon source. Denitrifiers preferred acetic acid, followed by butyric acid and then 

propionic acid, the valeric acid was consumed only after the aforementioned VFA 

species became limiting
27

. In this study, the consumption of VFAs was 60-80 mg/L at 
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stage III, and the utilization rate of acetic acid achieved to 80%. The results illustrated 

that denitrifers preferred to use acetic acid in sludge fermentation liquid than other 

VFAs. 

3.3 Fluorescence EEM spectra and FRI technique assessment  

To gain a better understanding of the organic compounds utilization during 

denitrification process, the DOM was analyzed by EEM spectroscopy. Spectroscopy 

method is a powerful tool in environmental analyses to study the structure of the 

complex organic compounds 
28

. The EEM fluorescence spectra were usually used to 

investigate the fluorescent characteristics of organic compounds, such as protein , 

humic and fulvic acids
29, 30

. Compared with available approaches, EEM fluorescence 

spectroscopy gives more fluorescent information with high sensitivity and component 

selectivity, and is a method for quantifying and characterizing the utilization of the 

organic compounds for the denitrification process. In order to better understand the 

EEM fluorescence characteristics, the FRI technique was used to quantitative assess 

the changes of five Ex/Em regions (Fig. 6).  

During stage I, the denitrifers didn’t adapt to the sludge carbon sources, so the 

changes of fluorescence intensity in the five regions was little. Duirng stage II, the Pi,n 

decreased from 10.29-13.26% to 7.05-10.60% (Regions I), and decreased from 

60.85-70.29% to 54.62-60.07% (Regions IV) with the sludge fermentation liquid as 

carbon source, respectively. When using the sludge thermal hydrolysis liquid as 

carbon source, the Pi,n of regions I, II and IV decreased from 8.42-10.61% , 

5.35-11.4% , 61.8-68.01% to 5.61-9.15%, 2.80-8.51%, and 53.22-59.57%, 
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respectively (Fig. 6). The Pi,n of other regions all increased.  

The denitrifers began to adapt sludge carbon sources at stage III, and the organic 

compounds were consumed during the denitrification process. When using the sludge 

fermentation liquid as external carbon source, the fluorescence intensity of regions I 

and IV decreasecd from 8428-14366 (au) and 39108-49952 (au) to 3642-7001 (au) 

and 16656-25599 (au), respectively (Fig. 4). Correspondingly, the Pi,n of regions I and 

IV decreased from 9-12% and 50-60% to 5-9% and 35-40%, respectively (Fig. 6a,b). 

However, for using the sludge thermal hydrolysis liquid as carbon source, the 

fluorescence intensity of regions I, II and IV decreasecd significantly from 5174-7579 

(au), 5473-8711(au) and 18353-39516 (au) to 1942-2584 (au), 2058-3283 (au) and 

8618-12486 (au), respectively (Fig. 5). The Pi,n of regions I, II and IV decreased from 

7-15%, 9-13% and 40-50% to 5-8%, 5-8% and 30-40%, respectively (Fig. 6c,d). It 

was implied that the tyrosine-like protein (Region I) and soluble microbial by-product 

(Region IV) consumed markedly with the sludge fermentation liquid. For using the 

sludge thermal hydrolysis liquid, the tryptophan-like protein (Region II) was also 

consumed markedly. It was indicated that the tyrosine-like protein, the tryptophan-like 

protein and the soluble microbial by-product could all be used by denitrifer bacteria. 

In this study, the consumption of fulvic acid-like substances (Region III) and Humic 

acid-like organics (Region V) was little which were non-biodegradable for denitrifier. 

The consumption of tyrosine-like protein and tryptophan-like protein with the sludge 

thermal hydrolysis liquid were higher than that of the sludge fermentation liquid. On 

the contrary, the soluble microbial by-product with the sludge fermentation liquid as 
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the carobn source consumed more than that of the sludge thermal hydrolysis liquid. 

There were VFAs in the sludge fermentation liquid, which could be easily used by the 

denitrifier than protein and carbohydrates. Therefore, the sludge fermentation liquid 

could perform more efficiency as external carbon source for nitrate removal than the 

sludge thermal hydrolysis liquid.  

4. Conclusion  

High nitrate removal efficiency of 95% and 90% was achieved using sludge 

fermentation liquid and thermal hydrolysis liquid as denitrification carbon sources. 

The sludge fermentation liquid could perform efficiency for nitrate removal and the 

specific denitrifying rate of sludge fermentation liquid (7.94 g/kg MLVSS·h) was 

higher than that of sludge thermal hydrolysis liquid (1.16 g/kg MLVSS·h). By EEM 

fluorescence spectra, non-biodegradable matters of humic acid-like organics were not 

be consumed; the tyrosine-like protein and soluble microbial by-product were mainly 

used by denitrifiers with sludge fermentation liquid, and the tryptophan-like protein 

could also be used by denitrifiers with sludge thermal hydrolysis liquid.  
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Figures 

Fig.1 The variations of NO3
-
-N, NO2

-
-N and NH4

+
-N with different sludge carbon 

source (a,b,c: with the sludge fermentation liquid ; d,e,f: with the sludge thermal 

hydrolysis liquid) 

Fig.2 The COD, protein and carbohydrate concentration profiles with different sludge 

carbon source (a,b,c: with the sludge fermentation liquid ; e,d,f: with the sludge 

thermal hydrolysis liquid) 

Fig.3 The composition of influent VFAs (a) and changes of VFAs concentration 

during denitrification (b) with the sludge alkaline fermentation liquid as carbon source 

Fig.4 EEM spectra with the sludge fermentation liquid used as carbon source (a:stage 

I; b:stage II; c:stage III) 

Fig.5 EEM spectra with the sludge thermal hydrolysis liquid used as carbon source 

(a:stage I; b:stage II; c:stage III) 

Fig. 6 Distribution of FRI in the two SBRs with different sludge carbon sources (a,b: 

with the sludge fermentation liquid; c,d: with the sludge thermal hydrolysis liquid) 
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Table 1 The characteristics of waste sludge 

TCOD 

(mg/L) 

SCOD 

(mg/L) 

Protein 

(mg/L) 

Carbohydrate 

(mg/L)  

TSS 

(g/L) 

VSS 

(g/L) 

pH 

19620 2857 43.41 28.08 10.85 7.69 6.50 

 

Table 2 The characteristics of sludge fermentation liquid and hydrolysis liquid (mg/L) 

Parameters  TCOD SCOD VFAs Protein  Carbohydrate  NO3
-
-N NO2

-
-N NH4

+
-N 

Fermentation  2909 2670 819 877 430 19.48 0.04 203 

Hydrolysis  3648 3576 - 1791 1076 17.88 0.31 254 
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Fig.1 The variations of NO3
-
-N, NO2

-
-N and NH4

+
-N with different sludge carbon sources 

(a,b,c:with the sludge fermentation liquid ; d,e,f: with the sludge thermal hydrolysis liquid) 
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Fig.2 The COD, protein and carbohydrate concentration profiles with different sludge carbon 

source (a,b,c: with the sludge fermentation liquid ; e,d,f: with the sludge thermal hydrolysis liquid) 
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Fig.3 The composition of influent VFAs (a) and changes of VFAs concentration during 

denitrification (b) with the sludge alkaline fermentation liquid as carbon source  
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Fig.4 EEM spectra with the sludge fermentation liquid used as carbon source (a:stage I; b:stage II; 

c:stage III) 
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Fig.5 EEM spectra with the sludge thermal hydrolysis liquid used as carbon source (a:stage I; 

b:stage II; c:stage III) 
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Fig. 6 Distribution of FRI in the two SBRs with different sludge carbon sources (a,b: with the 

sludge fermentation liquid; c,d: with the sludge thermal hydrolysis liquid) 
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