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Abstract: Drinking water treatment sludge (DWTS) is a waste by-product from water treatment 

plants where aluminum and iron salts are the most commonly used coagulants. DWTS was reused 

to investigate the effects of DWTS on the digestion liquid quality and microorganism activity of 

excess activated sludge (EAS). DWTS with four suspended solid (SS) concentrations (0%, 2%, 5% 

and 10%) was added to EAS which was sampled during aerobic and anaerobic digestion processes, 

then batch tests were carried out which followed the coagulation-flocculation process. It was 

found that DWTS can improve total dissolved nitrogen (TDN) and dissolved phosphorus (DP) 

removal efficiencies for anaerobic EAS. The highest removal efficiency of TDN (29.97%) as well as 

DP (55.38%) was observed when DWTS dosage was SS = 10%. The release of dissolved organic 

matter (DOM) by DWTS could increase dissolved organic carbon (DOC) concentration and lead to 

the accumulation of non-biodegradable humic acid-like substance in aerobic and anaerobic 

digestion liquid. The dehydrogenase activity (DHA) values of anaerobic EAS were higher than 

aerobic EAS. DWTS could reduce DHA for both EAS. These results indicate that potential risk of 

release of DOM should be considered when reusing DWTS in future research. 

Keywords: aerobic digestion; anaerobic digestion; dissolved organic matter; drinking water 

treatment sludge; excess activated sludge 

 

1. Introduction 

The number of municipal wastewater treatment plants (MWTPs) increased sharply, resulting 

in the generation of large volumes of excess activated sludge (EAS). The untreated EAS not only 

contains microorganisms and undigested organic and inorganic components, but also involves 

considerable concentrations of nitrogen and phosphorus, pathogens and heavy metals [1,2], which 

can cause serious environmental and human related health problems. In recent years, extensive 

research has been carried out on the proper treatment and disposal technologies of EAS. 

The main methods for treating and disposing EAS around the world are landfill, incineration 

and composting, as well as aerobic and anaerobic digestion. In order to improve the sludge 

stabilization and resource and energy recovery, aerobic and anaerobic digestion methods are 
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widely used [3]. Aerobic and anaerobic digestion methods have been applied in 24 and 20 

European countries, respectively [4]. In China, aerobic and anaerobic digestion systems are used 

commonly in MWTPs [5]. However, various problems still remain in aerobic and anaerobic 

digestion process. During the process of aerobic and anaerobic digestion, the degradation of 

nitrogenous matter can lead to the production of high concentration of ammonium nitrogen, which 

affects the activity of microorganisms [3,6,7]. The digestion liquid contains high levels of 

phosphorus as a result of the decay of bacterial cells [8]. Moreover, the production of large amounts 

of digestion liquid containing dissolved organic matter (DOM) is of great concern [9]. It has been 

observed that humic acids contained in EAS could limit the conversion of organic compounds into 

energy [10,11]. Thus, more studies are still needed to improve the removal efficiency of pollutants 

generated during EAS digestion. 

On the other hand, drinking water treatment sludge (DWTS) is a waste by-product from the 

drinking water treatment process, which contains high content of aluminum or iron species due to 

the use of different types of coagulants [12]. Moreover, DWTS is also composed of the colloidal and 

suspended impurities such as sand, silt, clay and humic particles, which is related to the quality of 

raw water [13]. Direct discharging of DWTS from a water treatment plant (WTP) is harmful to the 

environment and human health. From the perspective of sustainable development, the recovery 

and utilization of DWTS has been investigated in different fields (e.g., building material, support 

material for the manufacture of compost, adsorbent for phosphorus removal, and coagulant for 

treating wastewater) and is considered as an effective approach for reducing waste disposal [14–17]. 

Therefore, considering that a large amount of sediment DWTS containing coagulant metals was 

generated in the coagulation-flocculation process, several studies have been conducted on the 

techniques of coagulant recovery and reuse from DWTS (i.e., alkali treatment, acid treatment, ion 

exchanging and membranes) [18,19]. Among them, acid treatment seems to be a potential method 

because of the low cost and high recovered efficiency [20]. Suman et al. (2018) [21] compared the 

removal pollutants performance of conventional coagulants and acidified water treatment sludge in 

the treatment of synthetic dairy wastewater, it was found that acidified water treatment sludge 

performed better on the removal of turbidity, chemical oxygen demand (COD), biochemical oxygen 

demand (BOD), total suspended solids (TSS) and total dissolved solids (TDS) under the optimum 

condition. Jung et al. (2016) [12] investigated the application of recovered coagulant from drinking 

water treatment residuals to treat cotton textile wastewater. Zhang et al. (2019) [22] demonstrated 

that ferric groundwater treatment residual recovered by acid dissolution could be used as an 

effective sorbent for vanadium-containing wastewater treatment. However, some problems are 

needed to be considered in the application of recovering coagulant from DWTS. First, the recovery 

efficiency of coagulant depends on pH value that should be strictly controlled. In addition, some 

contaminants in DWTS like DOM and heavy metals could dissolve at low pH [23]. 

The direct reuse of DWTS as coagulant or adsorbent from water treatment plant has been 

investigated in recent years [24,25]. It has been demonstrated that DWTS has the capacity to 

improve removal of contaminants form wastewater. Mazari et al. (2018) [26] investigated the reuse 

of alum sludge for the removal of the turbidity, UV254 and COD in the secondary effluent from a 

wastewater treatment plant. Babatunde and Zhao (2010) [27] suggested that phosphate adsorption 

by waste alum sludge was attributed to amorphous aluminum ions and pores of alum sludge. 

Previous research has established that DWTS obtained from conventional coagulation process 

contained flocs with rugged and curved surface [28]. It has been reported that the porous structure 

of sludge might be improved by using coagulants [29,30]. However, there are few studies on 

recycling DWTS to treat EAS during aerobic and anaerobic digestion processes. Previous studies 

have reported that coagulants could promote the release of biopolymers within sewage sludge 

through charge neutralization and hydrolysis [31]. In addition, some researchers have observed the 

leakage of natural organic matter in alum sludge reuse [32]. However, Xu et al. (2016) [33] 

demonstrated that alum sludge from WTP could remove natural organic matter by physical 

adsorption mechanisms without other additional treatment processes. Therefore, the change of 

DOM concentration should be carefully monitored during DWTS reuse. 
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In the present study, six aerobic and six anaerobic digestion reactors were incubated at 25 °C. 

The EAS samples were obtained at designated time (day0, 3, 6, 11, 18, 27), and then batch tests were 

carried out to follow the coagulation-flocculation process with the different dosage of DWTS 

(suspended solid (SS) concentration of 0, 2%, 5% and 10%). In order to determine the effects of 

DWTS on the EAS aerobic and anaerobic digestion processes, the changes of supernatant and 

sludge were comprehensively considered. The main issues considered in this paper are: (1) 

evaluation of the effect of DWTS on the removal of nitrogen and phosphorus in digestion liquid, (2) 

assessment of the effect of DWTS on DOM produced in the digestion of EAS, and (3) possible 

mechanism analysis of the impact of DWTS on the dehydrogenase activity (DHA) of EAS. 

2. Materials and Methods 

2.1. DWTS and EAS Preparation 

DWTS in slurry form was obtained from the sedimentation basin of WTP in Gifu, Japan, which 

uses polyaluminum chloride (PAC) as the coagulant. All the slurry samples were aerated by air 

pump for 36 h and then stored at 4 °C as stock solution. EAS is the return sludge of MWTP in Gifu, 

Japan. In this MWTP, the main process of wastewater treatment was anaerobic and aerobic 

activated sludge process. 

2.2. Aerobic and Anaerobic Digestion Experiment 

A total of 12,500 mL conical flasks were used as digestion reactors, designated as AeX (X = 1–6) 

and AnY (Y = 1–6). Each reactor was added 450 mL EAS samples. Ae1–Ae6 were subjected to under 

aerobic condition, aerated by continuous bubbling of air pump (Power: 2 W, Air flow: 2.0 L/min). 

An1–An6 were sealed tightly after adding EAS to maintain the anaerobic condition and were 

shaken gently by reciprocal shaker (NR-10, Taitec, Saitama, Japan). All of the reactors were placed 

in dark with indoor thermostatic incubation at 25 °C. 

2.3. Batch Tests Procedure 

EAS samples were respectively collected at different stages of the digestion experiments. 400 mL 

samples were taken from one of AeX and AnY at one time, divided into 4 equal parts and placed in 

100 mL beakers respectively. Then, DWTS with different dosages (SS concentration of 0, 2%, 5% and 

10%) were added respectively to carry out batch tests which followed the coagulation-flocculation 

process. The batch tests were conducted using a magnetic stirring apparatus (Synchro·M·Stirrer, 

Toyo Seisakusho Co., Ltd., Tokyo, Japan). The coagulation-flocculation procedures were as follows: 

rapid mixing at 250 rpm for 1 min, slow mixing at 50 rpm for 20 min, and finally the mixture was 

subjected to settle for 2 h to settle down the flocs and get supernatant easily. The supernatant samples 

were taken from approximately 1 cm below the liquid surface with a syringe for measuring pH, 

oxidation-reduction potential (ORP), electrical conductivity (EC) and dissolved oxygen (DO) directly. 

Total dissolved nitrogen (TDN), dissolved phosphorus (DP), dissolved organic carbon (DOC), 

ultraviolet absorbance at wavelength of 260 nm (UV260) and fluorescence excitation-emission matrix 

(EEM) were determined after filtration through 0.2 μm membrane filters (Toyo Roshi Kaisha, Ltd., 

Tokyo, Japan). The precipitated sludge was sampled to measure pH, total solids (TS), volatile solids 

(VS), SS, volatile suspended solid (VSS) and DHA. 

2.4. Analytical Methods 

2.4.1. Chemical and Physical Analysis 

The pH, ORP, DO and EC were determined immediately by using a pH meter (HM-21P, Toaok, 

Kyoto, Janpan), ORP meter (RM-20P, Toaok), DO meter (RM-31P, Toaok) and EC meter (CM-31P-W, 

DKK-TOA, Tokyo, Japan), respectively. TS and SS were measured by using an oven at 105 °C, VS and 

VSS were measured by using a muffle furnace at 600 °C. DOC concentrations were obtained by using 
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a TOC analyzer (TOC-Vws, Shimadzu, Kyoto, Japan). UV260, TDN and DP were analyzed using a 

UV-visible spectrophotometer (UV-2600, Shimadzu, Japan). Specific ultraviolet absorbance (SUVA) 

values were calculated based on UV260 absorbance divided by DOC concentration. Mineralogy of the 

DWTS was determined by X-ray diffractometer (Smartlab 3 KW, Rigaku, Tokyo, Japan). 

2.4.2. Fluorescence EEM Analysis 

Fluorescence EEM measurements were conducted by using a spectrofluorophotometer 

(RF-5300, Shimadzu, Japan). The wavelengths of excitation (Ex) and emission (Em) were both 

incrementally increased from 220 nm and 550 nm at sequential 5 nm, and the slits of Ex and Em 

were 1 nm hand-pass. The Ex and Em calibration for fluorescence spectral properties of the 

instrument is based on measurement of quinine sulfate (QS) solution (10 μg of QS/L in 0.05 M 

H2SO4) at Ex/Em = 350 nm/450 nm [34]. All the samples were filtered by 0.2 μm membrane filters to 

reduce Tyndall scattering [35]. To limit inner filter effect, the samples were diluted with Milli-Q 

water to reach a final DOC below 2 mg/L [34,36]. Furthermore, Raman and Rayleigh scatter peaks 

were eliminated by scattering correction technique as reported by Zepp et al. (2004) [35]. 

2.4.3. PARAFAC Analysis 

The PARAFAC analysis, as a three-way method, was performed using Matlab 2012a 

(Mathworks, Inc., Natick, MA, USA) toolbox (i.e., DOMFluorv1_7) in order to characterize the 

change of dissolved organic matter fluorescence by decomposing EEM data into individual 

fluorescent components. PARAFAC decomposes the data matrix into a set of trilinear terms and a 

residual array according to the following function [37]. 

xijk = ∑
F 

f=1aif bjf ckf + eijk  (1) 

where i = 1, …, I; j = 1, …, J; and k = 1, …, K. 

The number of different fluorescent components was identified by split-half analysis and 

analysis of residuals and loadings and the concentration of the components was determined by the 

Fmax which is the fluorescence at the Ex and Em maximum [38,39]. 

2.4.4. Fluorescence Regional Integration Analysis (FRI) Analysis 

In the FRI analysis, EEM spectra were divided into five excitation-emission regions (regions I–V), and 

EEM peaks at the different Ex/Em wavelengths were related to various organic compounds [36,40,41]. The 

volume (Φi) beneath region “i” and percent fluorescence response parameters were calculated 

according to following expressions: 

Φi = ∑ex∑emI (λex λem) ∆λex∆λem (2) 

Pi,n = Φi,n/ΦT,n × 100% = (MFi Φi)/(∑
5 i

=1 Φi,n) (3) 

where ∆λex and ∆λem are Ex and Em wavelength intervals, respectively (both taken as 5 nm); I (λexλem) 

is the fluorescence intensity at each Ex/Em wavelength pair; Φi,n and ΦT,n are the Ex/Em area volumes 

of region i and all five regions, respectively; and MFi is a multiplication factor for each region. 

2.4.5. Determination of Triphenyl-Tetrazolium Chloride (TTC)-Dehydrogenase Activity (DHA) Test 

Once the precipitated sludge sample was extracted, 1 mL sludge sample was added into a 15 mL 

centrifuge tube, followed by adding 2.5 mL of Tris-HCl buffer solution, 0.5 mL of standard TTC and 

0.5 mL Na2SO3. Then, the mixture were shaken gently and incubated in the dark for 30 min using a 

water bath shaker at a temperature of 37 ± 1 °C. In order to inhibit the enzyme reaction, 0.5 mL 

formaldehyde solution was added into the each blank control sample after incubation for 5 min. 

After 30 min, 0.5 mL formaldehyde solution was added to the remaining samples respectively and 

mixed uniformly. The samples were centrifuged at 4000 r/min (centrifugation force: 2147× g) for 5 min, 

removing the supernatant and adding 5 mL acetone. Then, the mixture was shaken at 37 ± 1 °C for 

10 min and centrifuged at 4000 r/min (centrifugation force: 2147× g) for 5 min to obtain the 
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supernatant. The UV absorbance of the supernatant was obtained using a UV-visible 

spectrophotometer at the wavelength of 485 nm. 

3. Results and Discussion 

3.1. Characteristics of DWTS and EAS 

The measured parameter values of DWTS were: pH 6.80, DO 2.32 mg/L, EC 7.34 mS/m, ORP 

167.4 mV, SS 42.66 g/L, VSS 6.58 g/L, TDN 13.53 mg/L, DP 4.30 mg/L, DOC 6.5 mg/L and UV260 10.91 m−1. 

For initial EAS, the measured parameter were: pH 6.22, DO 0.58 mg/L, EC 60.6 mS/m, ORP−171.7 mV, 

TS 11.37 g/L, vs. 8.34 g/L, SS 10.42 g/L, VSS 7.98 g/L, TDN 16.18 mg/L, DP 354.87 mg/L, DOC 14.4 mg/L 

and UV260 71.6 m−1. A high DO value of DWTS was associated with being aerated for 36 h. The aim 

of aeration is to accelerate the microbial consumption [42], strengthen the degradation of the 

organic matter in DWTS and reduce the impact of organic matter on batch tests. The EAS contained 

high content of EC, TDN, DP, DOC and UV260 which also indicates that the content of organic 

pollutants in EAS was higher than those of DWTS. X-ray diffraction analysis result of DWTS is shown 

in Figure 1, indicating that the inorganic components are mainly composed of silicon dioxide [43,44]. 

Meanwhile, crystalline phase of Al2O3 and Fe3O4 were detected in the low intensity peaks. 

 

Figure 1. X-ray diffraction pattern of drinking water treatment sludge (DWTS). 

3.2. Effect of DWTS on the Removal of Nitrogen and Phosphorus 

N and P are necessary to maintain bacterial growth and biodegradation. The TDN and DP 

concentrations at different DWTS dosages are shown in Figure 2. For aerobic EAS, there was no 

obvious evidence that adding DWTS can promote the removal of TDN in the supernatant, as could 

be seen from Figure 2a. On the contrary, the addition of DWTS may release a certain amount of 

nitrogen. As shown in Figure 2b, there has been a marked increase in the TDN concentration during 

the anaerobic digestion. It seems possible that this result could be attributed to microbial cells lysis, 

releasing intracellular nutrients [45,46]. For anaerobic EAS, TDN removal efficiency increased 

gradually with the increase in the dosage of DWTS. When DWTS was dosed at SS concentration of 

10%, the highest TDN removal efficiency was increased to 29.97% on day 11. These results may be 

due to the adsorption of dissolved organic nitrogen on amorphous aluminum hydroxide precipitate 

and charge neutralization at nearly neutral pH values [47]. The pH changes of supernatant after 

adding DWTS are displayed in the Table 1. As analyzed in Table 1, DWTS can slightly neutralize 

the acidic conditions of aerobic and anaerobic supernatant. According to Figure 2, it was found that 

TDN concentration in aerobic digestion liquid was lower than that in anaerobic digestion liquid, 

and this observation could be associated with microbial metabolism and nitrogen volatilization 

which may be caused by aeration under aerobic condition. 
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Figure 2. Total dissolved nitrogen (TDN) and dissolved phosphorus (DP) concentration in the 

supernatant with different dosage and time of DWTS addition. (a,c): aerobic EAS; (b,d): anaerobic EAS. 

Table 1. pH changes of supernatant after bath tests. 

Excess Activated Sludge 

(EAS) Condition 
Day 

DWTS Dosage 

SS = 0% SS = 2% SS = 5% SS = 10% 

Aerobic 

0 6.45 6.43 6.44 6.48 

3 5.73 5.78 5.95 5.65 

6 5.92 6.03 6.06 6.16 

 

11 5.90 5.99 5.93 5.88 

18 5.20 5.24 5.43 5.66 

27 5.61 5.68 5.77 5.93 

Anaerobic 

0 6.45 6.43 6.44 6.48 

3 6.49 6.41 6.41 6.41 

6 6.34 6.43 6.38 6.27 

11 6.28 6.21 6.18 6.14 

18 6.56 6.56 6.57 6.54 

27 6.56 6.66 6.59 6.61 

As shown in Figure 2c, without the addition of DWTS, DP concentration decreased 

significantly at the initial stage of aerobic digestion, and then increased to 374.61 mg/L at day 11. 

The decrease was caused by adsorption of polyphosphate accumulating organism (PAO). The 

increases can be explained by releasing intracellular nutrients with the process of aerobic digestion. 

No significant correlation was found between DWTS dosage and the change of DP concentration. 

The reason may be related to the complex combination of interaction and adsorption between the 

DWTS particles and aerobic sludge. In the process of anaerobic digestion, Figure 2d illustrates the 

changes of DP concentration at different DWTS dosages. When DWTS was dosed at 0, DP 

concentration increased continuously to a maximum of 694 mg/L at day 11 and then decreased to 

302 mg/L. The increase of DP content was mainly released by PAO in the sludge hydrolysate. The 

decrease was related to the hydrolysis of polyphosphate after microbial cells lysis. It is observed 

that the increase of DWTS dosage could lead to the increase of DP removal efficiency in anaerobic 

digestion liquid. The maximum removal efficiency of DP was 55.38% on day 18, when the addition 

of DWTS was 10% of SS concentration. The removal of DP is due to the precipitation of metal 

phosphates, which is related to the residual metal in DWTS and the adsorption of phosphate ions to 

the solid in suspension [27,48,49]. 
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3.3. Variations of DOM Content and Composition 

3.3.1. DOC, UV260 and SUVA Indexes of Supernatant 

The changing trends of DOC, UV260 and SUVA over the total digestion time were recorded for 

27 days. 

The content of DOC in the supernatant is shown in Figure 3. EAS produced a larger amount of 

DOC under anaerobic condition than under aerobic condition. Overall, following the addition of 

DWTS, there was no obvious influence on the reduction of DOC for both aerobic and anaerobic 

EAS. However, the high dosage of DWTS tended to increase DOC in aerobic digestion liquid. It can 

be concluded that adding DWTS into a low DOC concentration of EAS, the remaining coagulant in 

DWTS had less effect on DOC removal, and DOM fractions which released from DWTS would 

increase the concentration of DOC during the batch tests. In a previous study, TOC concentration 

would increase with the increase of phosphate concentration in solution, which was due to the 

competitive effect of phosphate for surface sites with the humic substances [50]. 

 

Figure 3. The change of dissolved organic carbon (DOC) concentration in the supernatant with 

different dosage of DWTS during 27 days’ digestion. (a): aerobic EAS; (b): anaerobic EAS. 

The UV260 and SUVA values are illustrated in Figure 4. During the digestion process, the SUVA 

values of aerobic EAS were higher than those of anaerobic EAS, which has demonstrated in the 

previous study [9]. The UV260 and SUVA increased when the dosage of DWTS increased obviously. 

It indicated the addition of DWTS has a negative effect on DOM removal of supernatant. Except on 

day 6 of aerobic and anaerobic conditions and day 3 of anaerobic condition, when DWTS dosage 

was SS = 10%, the rest of SUVA values were all lower than 2 m−1/(mg/L). This suggests that the 

DOM composition of supernatant is mostly composed of non-humics, low hydrophobicity and low 

molar mass compounds with or without adding DWTS [51]. These results also seem to be consistent 

with the previous research, which found the removal efficiencies of DOC was poor by coagulation 

when SUVA is lower than 2 [52]. 



Sustainability 2020, 12, 6953 8 of 15 

 

Figure 4. Effect of DWTS on the change of UV260 and specific ultraviolet absorbance (SUVA) values 

during 27 days’ digestion. (a): aerobic EAS; (b): anaerobic EAS. 

3.3.2. PARAFAC Component Characteristics 

Three fluorescence components were extracted by PARAFAC analysis which is based on 44 

supernatant samples. Figure 5 shows the contour plots and spectral loadings of three fluorescence 

components. Component 1 (C1) had two peaks: one peak is centered at the maximum Ex/Em 

wavelength pair of 225 nm/300 nm and the other at 275 nm/300 nm, which is related to 

protein-tyrosine-like [53]. Component 2 (C2) had a primary fluorescence peak at Ex/Em 230 nm/280 nm, 

which had fluorescence properties similar to protein-tyrosine-like [54], and a secondary peak at 

Ex/Em 230 nm/380 nm which is classified to fulvic-like [55]. The maximum Ex/Em wavelength pairs 

of the two peaks in component 3 (C3) are at 245 nm/460 nm and 335 nm/460 nm, respectively. C3 

resembled fulvic-like and humic-like components [56]. 

 

Figure 5. Three components identified by PARAFAC analysis and Ex/Em loadings. C1: 

protein-tyrosine-like component; C2: protein-tyrosine-like and fulvic-like component; C3: fulvic-like 

and humic-like component. 
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PARAFAC analysis can describe the distribution of three components in the samples by using 

Fmax to represent fluorescence [57]. Fmax values of the three components in the supernatant samples 

at the end of digestion for 27 days are shown in Figure 6. After adding different dosage of DWTS, 

there was no obvious change in Fmax values of C2 for aerobic EAS. However, C1 was reduced 

slightly and C3 gradually increased when the dosage of DWTS was increased. For anaerobic EAS, 

Fmax values of C1 displayed an increasing trend with the increase of DWTS addition amount; C2 and 

C3 also exhibited a similar trend. This indicated that organic pollutants were continuously released 

in anaerobic digestion liquid. Meanwhile, the Fmax values of C1 in anaerobic digestion liquid were 

higher than that in aerobic digestion liquid. This suggests that protein-tyrosine-like substances are 

the major components in anaerobic supernatant samples. 

 

Figure 6. Fmax values of the three components at the end of digestion for 27 days. 

3.3.3. FRI Analysis of EEM Spectra 

The EEM spectra for supernatant DOM fractions with different dosage of DWTS addition are 

shown in Figure 7. During the process of digestion, the EEM observed under aerobic condition was 

different from that under anaerobic condition. At the end of digestion for 27 days, two peaks were 

observed in the anaerobic samples without adding DWTS at Ex/Em 220–230 nm/295–325 nm and 

265–285 nm/295–325 nm, which were located in region I (Ex/Em 200–250 nm/250–330 nm) and 

region IV (Ex/Em 250–450 nm/250–380 nm), respectively [36,40]. These peaks are associated with 

tyrosine-like and tryptophan-like substances. Meanwhile, for aerobic supernatant samples, one 

fulvic-like fluorescence peak was obtained, which was centered at Ex/Em 230 nm/430 nm (region III: 

Ex/Em 200–250 nm/380–550 nm) [36,40]. However, no peak change was observed with the addition 

of DWTS in this study. 

The percent fluorescence response (Pi,n) of supernatant samples after batch tests are shown in 

the Figure 8. For all the aerobic samples, the distribution order of Pi,n value was PIV,n > PI,n > PIII,n > 

PII,n > PV,n. For anaerobic samples, the Pi,n value of region IV and I was higher than other regions. 

The sum of PI,n and PIV,n was more than 60% for aerobic and anaerobic samples. These results 

indicated that soluble microbial by-product-like and tyrosine-like were the main contents of 

supernatant samples after both aerobic and anaerobic digestion. Meanwhile, it was found that the 

addition of DWTS result in different distribution of five regions for both aerobic and anaerobic 

conditions. For aerobic EAS, when the DWTS was dosed at SS concentrations of 2% and 5%, a 

gradual decrease in the sum of PI,n and PIV,n was observed, accompanied by increases in other Pi,n. 

The similar change tendency of PIV,n was found in the process of anaerobic condition except on day 

6. It was reported that region I and IV were correlated to the biodegradable materials, and region III 

and V were associated with least and non-biodegradable compounds [58]. In general, therefore, it 

seems that the DOM released by DWTS could lead to the accumulation of non-biodegradable 

humic acid-like substance at the different stages of digestion. 
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Figure 7. Excitation-emission matrix (EEM) for supernatant dissolved organic matter (DOM) 

fractions with different dosage of DWTS. (a,c,e): aerobic EAS; (b,d,f): anaerobic EAS. 
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Figure 8. Distributions of percent fluorescence response (Pi,n) in the supernatant samples. (a): 

aerobic EAS; (b): anaerobic EAS. 

3.4. Study on Sludge Dehydrogenase Activity 

The VSS concentration, VSS/SS ratio and TTC-DHA in the precipitated sludge at the end of 

digestion for 27 days are shown in Figure 9. With the increase of DWTS dosage, the VSS 

concentration of the sludge increased whereas the VSS/SS ratio decreased. This indicated that the 

addition of DWTS resulted in higher content of inorganic components in the sludge than organic 

components, which may be related to the characteristic of DWTS. 

 

Figure 9. (a) Volatile suspended solid (VSS), (b) VSS/SS ratio and (c) dehydrogenase activity (DHA) 

in the precipitated sludge at the end of digestion for 27 days. 

TTC was applied as final H+/e−1 acceptor of the microorganisms of the sludge in TTC-DHA test [59], 

which can reflect microorganism activity of precipitated sludge after batch tests. From Figure 9 we 

can see that the anaerobic EAS without the DWTS addition has the highest TTC-DHA value, which 

was 10,283.17 μg-TF/(g·H). Compared to aerobic EAS, The TTC-DHA values of anaerobic EAS were 

higher in all the dosages of DWTS. Figure 9 reveals that there has been a steady decrease of 

TTC-DHA when the DWTS dosage increased in both aerobic and anaerobic conditions. This finding 

suggests that the addition of DWTS can lead to a decrease in the degradation rate, and it 

corresponds to the DOC content at the end of EAS digestion which is shown in Figure 3. This may 

be due to two reasons. Firstly, it may be associated with the presence of some heavy metals in 

DWTS and the toxicity of heavy metals can influence DHA as described by Tan et al. (2017) [60]. 

Another possible explanation for this is that DWTS contained a large number of inorganic 

components, and the addition of DWTS reduced the concentration of organic matter, leading to the 

decrease of DHA [61]. 
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4. Conclusions 

In this study, DWTS was added to EAS after aerobic and anaerobic digestion of different stages. 

It was found that the removal efficiency of TDN and DP increased with the increase of DWTS 

dosage for anaerobic EAS. For anaerobic EAS, the highest removal efficiency of TDN and DP was 

observed when DWTS dosage was SS = 10%, which were 29.97% and 55.38%, respectively. However, 

for aerobic EAS, no obvious correlation was found between DWTS dosages and the removal 

efficiency of TDN and DP. The remaining coagulant in DWTS had less effect on DOC removal of 

aerobic and anaerobic EAS. On the contrary, DWTS would increase DOC concentration by releasing 

DOM. The EEM spectra were analyzed to evaluate the biodegradable and non-biodegradable 

components in supernatant DOM fractions. At the end of digestion for 27 days, two peaks 

(tyrosine-like and tryptophan-like substances) were observed in anaerobic supernatant, and one 

fulvic-like fluorescence peak was obtained in aerobic supernatant. However, no peak change was 

observed with the addition of DWTS in this study. PARAFAC analysis identified three components 

including a protein-tyrosine-like component (C1), a protein-tyrosine-like and fulvic-like component 

(C2) and a fulvic-like and humic-like component (C3). For aerobic and anaerobic EAS, adding 

DWTS could reduce DHA which has influence on the EAS degradation rate. It might be contributed 

by the presence of some heavy metals in DWTS and the decrease of organic matter concentration. 

The findings of this research suggest that the DOM released by DWTS needs to be evaluated in 

order to select DWTS with higher potential benefits for future reuse. Further studies should focus 

on the effect of DWTS with different kinds of coagulants on EAS. 
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