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Characterization of dissolved organic matter extracted

from water treatment sludge

Maulana Yusup Rosadi, Toshiro Yamada , Hudori Hudori ,

Hiroto Tamaoki and Fusheng Li
ABSTRACT
The characteristics of dissolved organic matter (DOM) that formed during the aerobic and anaerobic

incubation of drinking water treatment sludge stored at different temperatures (5 �C, 20 �C, 40 �C) for

long periods (7, 14, and 21 days) were investigated. Anaerobic incubation at high temperatures with

prolonged storage was found to result in higher organic content than aerobic incubation (3.6–6.8

times at 40 �C). The high temperatures caused changes in the DOM fractions, with humic-like

substances mainly formed in aerobic incubation and protein-like substances in anaerobic incubation.

Results showed that the fluorescence intensity of humic-like and protein-like substances increased

by 45% and 22%, respectively, at the end of the anaerobic incubation period. The UV-absorbing DOM

constituents in aerobic incubation had lower molecular weights and were more heterogeneous than

those in anaerobic incubation.

Key words | aerobic incubation, anaerobic incubation, dissolved organic matter, drinking water

treatment sludge
HIGHLIGHTS

• DOM transformation in drinking water treatment sludge was investigated during prolonged

aerobic and anaerobic incubation.

• High temperature accelerated the humification process in the sludge during aerobic incubation.

• More protein-like substances and less humic-like substances were produced in anaerobic

incubation.
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INTRODUCTION
A drinking water treatment plant generates large amounts of

drinking water treatment sludge (DWTS) as a by-product of

drinking water. DWTS is primarily composed of amorphous

Fe/Al hydroxides and is produced during flocculation–

sedimentation or floatation, as Fe- and Al-based coagulants

are commonly used (Zhou et al. ). Large volumes of

DWTS are generated during the production of drinking

water, equivalent to 4%–7% of the total drinking water pro-

duced (Sun et al. ). DWTS also contains organic

fractions that can be attributed to the presence of bacteria,

humic-like materials derived from the decay of plants, and
small quantities of extracellular polymeric substances

(EPS) produced by bacteria (Zhou et al. ). The proper-

ties of DWTS can vary according to the quality of raw

water and the treatment method applied. Groundwater

tends to be stable in quality, and the DWTS that forms

during the treatment of groundwater fluctuates very little

in quantity or quality. In contrast, the treatment of surface

water sometimes results in noticeable changes in sludge

quality and quantity (Ahmad et al. ).

Increasing urbanization and industrialization have

resulted in the dramatic growth of drinking water volumes
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generated, which has led to large amounts of DWTS being

generated by drinking water treatment plants. Also, environ-

mental restrictions have been placed on disposal methods

that require sludge recycling, which is an important pathway

for realizing the reduction and reclamation of total waste

residues (Zhou et al. ). In recent years, DWTS dewater-

ing has become more common, and the extracted water is

recycled back into the stream of drinking water treatment,

achieving zero waste discharge from drinking water treat-

ment plants. However, the main water quality issue

associated with the recycling process is the release of dis-

solved organic matter (DOM) from extracellular or

intracellular organics that originate from DWTS (Zhou

et al. ), a release that potentially causes problems for

water recycling in drinking water treatment plants.

In some drinking water treatment plants in Japan that

rely on rapid sand filtration, sludge from the sedimentation

basin is discharged to the thickener tank. The sludge is

usually dewatered using various methods, and in some

plants, the water that is extracted in dewatering along with

other wastewater, including backwash water, is pumped

back to the raw water receiving well. In a water supply

system located in Central Japan, water extracted from

DWTS was found to contain many substances, including

DOM, that may affect the quality of the purified water and

that may result in a rapid decrease in the residual chlorine

concentration of the purified water at some supply points

(Suzuki ).

Various factors such as temperature can affect DWTS

when it is settling in the thickener tank, and these factors

can lead to cumulative increases in levels of organic

matter and other substances such as ammonia. Many studies

have indicated that temperature substantially increases the

accumulation of dissolved organic carbon (DOC) and dis-

solved organic nitrogen (DON), and the microbial

abundance in the wastewater activated sludge associated

with aerobic and anaerobic processes (Shao et al. ; Jin

et al. ; Du & Li ; Komatsu et al. ). However,

little information is available on how the storage condition

influences the transformation of DOM at different tempera-

tures, since temperature and retention time of DWTS in the

thickener tank are the dominant factors affecting the trans-

formation of DOM in DWTS. Our study found that, after

DWTS was stored under different temperature conditions,
://iwa.silverchair.com/ws/article-pdf/20/6/2194/766609/ws020062194.pdf
the characteristics of DOM released in water extracted

from DWTS were distinct from those of freshwater extracted

from DWTS and those of raw water. The main objectives of

this study were as follows: (1) to characterize the DOM in

extracted water obtained after the dewatering of DWTS,

and (2) to investigate how different storage conditions influ-

enced the water quality. The characteristics of DOM in

water extracted from DWTS can guide the selection of treat-

ment processes and establish grounds for the assessment of

quality risks associated with water extracted from DWTS

during drinking water production at drinking water treat-

ment plants.
MATERIALS AND METHODS

Raw DWTS used in the experiment

The DWTS sample was collected from the thickener tank in

a drinking water treatment plant located in Aichi Prefecture,

Japan, that has a treatment capacity of 200,000 m3 day�1.

The plant uses conventional treatment processes, including

coagulation, flocculation, sedimentation, and filtration.

Poly-aluminium chloride is used as the coagulant. The

sludge that forms during water treatment settles in the sedi-

mentation basin and is discharged to the thickener tank. The

DWTS sample was transferred immediately to the labora-

tory after sampling.

The obtained DWTS was measured for volatile solids

(VS) and total solids (TS). Initial extracted water was

obtained by centrifuging the DWTS at 2,500 rpm for

15 min, and the supernatant was filtered through a 0.2 μm

membrane filter for the measurement of pH, electrical con-

ductivity (EC), UV absorbance at 260 nm (UV260), DOC,

DON, dissolved inorganic nitrogen (DIN), fluorescence

excitation–emission matrix (EEM), and molecular weight

distribution in the initial extracted water.

Incubation experiment

Six parallel incubation systems, each with a volume of 3 L,

were used for the experiment. Incubation was performed

at different incubation temperatures: 5 �C, 20 �C, and

40 �C. Air pumps were used to supply the air at a flow rate
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of 2.5 L min�1 for the aerobic condition. The anaerobic con-

dition was performed in a tightly sealed reactor. During the

incubation experiment, samples were collected from each

reactor at designated time points (7, 14, and 21 days).

After filtration through a 0.2 μm membrane filter, the fil-

trates were subjected to quality analysis for DOM. This

analysis mainly focused on DOC, UV260, fluorescence

EEM, and molecular weight distribution, and the details of

each are described below. In addition to these measure-

ments, dissolved oxygen (DO), pH, and EC inside all the

reactors were monitored, and DIN (NO2
–-N, NO3

�-N and

NH4
þ-N) was analysed using the filtrates of all samples

with an ion chromatography system.
DOM quality analysis

DOC and SUVA analysis

DOC was quantified with a TOC analyser (TOC-Vwet, Shi-

madzu, Japan). UV260 was measured by a UV-vis

spectrophotometer (UV-1600, Shimadzu, Japan). The

specific UV absorbance (SUVA) was calculated as the

ratio of UV260 to DOC.
Fluorescence EEM spectroscopy

The EEM spectra of the extracted water were measured by

spectrofluorometer (RF-5300, Shimadzu, Japan). The exci-

tation and emission scans showed wavelengths between

220 nm and 550 nm at 5 nm increments. The obtained fluor-

escence intensities of the samples were normalized using the

quinine sulphate unit (QSU) by dividing the fluorescence

intensity values of all extracted water by that of 10 ppb qui-

nine sulphate (in a 0.05 MH2SO4 solution) at the designated

excitation wavelength (Ex) of 350 nm and the emission

wavelength (Em) of 450 nm. The humification index

(HIX), which provides insight into the degree of DOM

humification, was calculated as the area under the emission

spectra of 435–480 nm divided by the peak area under the

emission spectra of 300 to 345 nmþ 435 to 480 nm, at an

excitation wavelength of 254 nm (Ohno ). The fluor-

escence index (FIX), an indicator of DOM quality, was

calculated as the fluorescence intensity ratio of the emission
om http://iwa.silverchair.com/ws/article-pdf/20/6/2194/766609/ws020062194.pdf

4

wavelengths of 450–500 nm at the excitation wavelength of

370 nm (McKnight et al. ).

The molecular weight distribution of DOM

The molecular weight characteristics of DOM were evalu-

ated at a wavelength of 260 nm using a high-pressure size-

exclusion chromatography (HPSEC) system that consisted

of a silica chromatographic column (GL-W250-X, 10.7 ×

450 nm, Hitachi) and a UV detector (LC-10AV, Shimadzu).

Pure water containing 0.02 M of Na2HPO4 and 0.02 M of

KH2PO4 was used as the eluent and was introduced to the

column at a constant flow rate of 0.5 mL min�1. Calibration

was made with a standard solution composed of polystyrene

sulfonate (PSS) with three different molecular weights of

1,430, 4,950, and 6,530 g mol�1. Weight-averaged molecular

weight (Mw) and number-averaged molecular weight (Mn)

were calculated according to the following equations

(Karanfil et al. ; Li et al. ):

Mw ¼
XN
i¼1

MWi(t)hi(t)Δt=
XN
i¼1

hi(t)Δt

Mn ¼
XN
i¼1

hi(t)Δt=
XN
i¼1

hi(t)Δt=MWi

 !

where MWi(t) is the molecular weight as a function of the

eluent time t, hi(t) is the detector response, and Δt is the

time interval. The polydispersity index, a parameter defined

as the ratio of Mw/Mn, was adopted to evaluate the hetero-

geneity of DOM and the changes in DOM molecular

weight distribution that occurred during sludge incubation

(Karanfil et al. ; Li et al. ).
RESULTS AND DISCUSSION

Physical characteristics of raw DWTS and raw extracted

water

Volatile solids (VS) were found in DWTS at 0.23 g L�1 and

total solids (TS) were found at 2.28 g L�1. The low ratio of

VS to TS (0.1008) indicates an abundance of inorganic

matter. Raw extracted water was obtained by dewatering
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raw DWTS, and that extracted water had a pH of 6.57 and

an EC of 21.6 mS m�1. The UV260, DOC, DON and NH4
þ-

N were 2.51 m�1, 8.26 mg L�1, 0.27 mg L�1, 4.81 mg L�1,

respectively. The concentrations of NO2
�-N and NO3

�-N

were not detected in the initial extracted water. The SUVA

of the raw extracted water was 0.31 L mg�1 m�1, indicating

that the organic matter was rich in hydrophilic and low-mol-

ecular-weight components (Edzwald & Tobiason ).

Variations in DOC, SUVA and DON in the extracted

water

The trend of DOC during the 21-day incubation period varied

among the three incubation temperatures under the aerobic

condition and anaerobic condition. The average DOC con-

centrations in water extracted from DWTS during the

incubation period at 21 days of incubation for aerobic and

anaerobic incubation were 2.02 mg L�1 and 13.7 mg L�1,

respectively. The decrease in DOC concentration from the

initial concentration (8.26 mg L�1) to the range of 0.38–

3.84 mg L�1 at the end of the incubation period for each

aerobic incubation (Figure 1(a)) was probably due to the

endogenous metabolism of microorganisms, and some

organic compounds were oxidized to carbon dioxide (He

et al. ). The higher DOC concentration under anaerobic

incubation (Figure 1(b)) reflected the increase of biodegrad-

able compounds under that condition due to DOM

degradation in the sludge. The DOC concentration clearly

increased under anaerobic incubation from day 7, resulting

in a release of intracellular materials that exceeded the

amount consumed in biodegradation by bacteria. The decline

might also have been due to biodegradation by bacteria,

which was greater than the rate of the release of intracellular

materials (Xu et al. ).

SUVA is a good parameter for understanding aromatic

content and the humic fraction of DOM (Hua et al. ).

Figure 1(c) and 1(d) show the increase of SUVA until day

14 in all incubation conditions except that under aerobic

20 �C. This may be due to its association with the transform-

ation of non-aromatic compounds, which led to an apparent

enrichment in aromatics (Vinceslas-Akpa & Loquet ).

Furthermore, the SUVA for water extracted from DWTS

stored at the lower incubation temperatures was higher

under anaerobic incubation than under aerobic incubation,
://iwa.silverchair.com/ws/article-pdf/20/6/2194/766609/ws020062194.pdf
suggesting that the extracted water was high in aromatic

compounds. SUVA values were significantly higher under

anaerobic incubation at 20 �C at day 14 of incubation than

under the other conditions of aerobic and anaerobic incu-

bation, suggesting that greater amounts of aromatic

substances formed and remained under anaerobic incu-

bation than under aerobic incubation. In the latter period

of incubation, the decrease of SUVA may be attributed to

the enrichment production of non-aromatic compounds in

the incubated DWTS, which were derived from transform-

ation upon microbial metabolism that may be enriched

with aliphatic structure (Ly et al. ). The relatively low

SUVA value for water extracted from DWTS also suggests

that those non-aromatic components of the sludge could

be efficiently extracted – components that might be attribu-

table to the abundance of non-aromatic carbon chains,

polysaccharides, and fatty acids within the sludge organic

matter (Wilson & Novak ).

Under anaerobic incubation, the SUVA value was

higher at 20 �C than at 5 �C or 40 �C. The low incubation

temperature could have caused DOM with high aromaticity

to be produced during anaerobic incubation through biode-

gradation under prolonged storage. The high SUVA value

under 20 �C incubation is consistent with the findings of

fluorophore intensity assessed by fluorescence EEM. Based

on the FIX results, which found that DOM mainly origi-

nated from extracellular release by microorganisms, the

incubation treatment employed for anaerobic DWTS

should produce higher SUVA of DOM than that of aerobic

DWTS. The SUVA values in all incubated DWTS exhibited

a common relationship: anaerobic SUVA> aerobic SUVA.

The changes of DON in the water extracted from DWTS

after incubation treatment are shown in Figure 1(e) and

1(f). The average DON concentrations in the extracted

water after aerobic incubation and anaerobic incubation

were 0.19 mg L�1 and 5.34 mg L�1, respectively. DON con-

centration rose continuously in all conditions after

anaerobic incubation. During incubation at high tempera-

ture, abundant nitrogen was released to the supernatant

due to the degradation of protein in the extracellular poly-

meric substances, resulting in an increase of DON in the

initial 7 days. The gradual increase of DON during anaero-

bic incubation in all temperature treatments until the end

of the incubation period may be due to the mineralization



Figure 1 | Variations in (a, b) DOC, (c, d) SUVA, and (e, f) DON in the water extracted from DWTS under aerobic incubation and anaerobic incubation at 7, 14, and 21 days of incubation.
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of DON accompanied by increases in temperature and pH

(Chan et al. ). The concentration of DON was decreased

after 7 days of aerobic incubation at 5 �C and 20 �C. The

declining trend of DON concentration at 20 �C and 40 �C

was due to the depletion of DON. The decreases of DON

at 20 �C and 40 �C suggest that DON was transformed to

DIN by degradation (Li et al. ) and also could have
om http://iwa.silverchair.com/ws/article-pdf/20/6/2194/766609/ws020062194.pdf
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been due to the utilization and decomposition of sludge by

microorganisms, as the sludge includes DON. NH4
þ-N con-

centration was in the range of 1.12–17.8 mg L�1 during

aerobic and anaerobic incubation (shown in Table S1, Sup-

plementary Material), while NO2
�-N was not detected in

most of the incubation conditions. The undetected NO2
–-N

may indicate complete nitrification (i.e. ammonia oxidation
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or nitrite oxidation) that would reach a balance after bacteria

adapted to the environment (Zou et al. ).

Incubation treatment changed the self-assembly ofDOM,

which can play a role in the dynamic variations of DOM,

whereas microbial degradation became the main cause of

DOM degradation. Some DOM fractions that formed

during incubation treatment have lower bioavailability

under aerobic incubation than under anaerobic incubation.

This study found that aerobic treatment was able to reduce

the accumulation of DOM and some refractory DOM that

might have led to a high chlorine demand during chlori-

nation. In the extracted water, DOM degraded with

prolonged storage and DOM concentration increased,

especially after 14 days of incubation.
Figure 2 | EEM contour plot for water extracted from DWTS (initial value) and for water extra

stances; Peaks 2 and 4: tryptophan-like substances; Peaks 3 and 5: humic-like sub

://iwa.silverchair.com/ws/article-pdf/20/6/2194/766609/ws020062194.pdf
Fluorescence component of DOM in the extracted

water

he EEM spectra of the DOM within the entire incubation

profile are shown in Figure 2. The EEM spectra of the initial

extracted water (Figure 2(a)) show an apparent peak of

humic-like substances (Peak 3) at Ex/Em of about 200–

250/380–550 nm (Chen et al. ; He et al. ). The

presence of this peak indicates that humic-like substances

were the major DOM fraction found in the water extracted

from the DWTS. The DOM fractions in the initial extracted

water were mainly produced from extracellular substances

by bacteria during the agglomeration of flocs after

coagulation–flocculation. Additionally, the presence of
cted from DWTS at 7 days of aerobic and anaerobic incubation. Peak 1: tyrosine-like sub-

stances.
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Peak 3 arose from raw water that showed humic-like sub-

stances as the major DOM fractions (data not shown).

Peaks 3 and 5 were present in all of the samples incubated

aerobically at 40 �C (Figure 2(d)), at Ex/Em of 200 to

250 nm/380 to 550 nm and Ex/Em of 225 to 240/420 to

440 nm, respectively, coinciding with peaks typical of humic-

like substances (Chen et al. ; He et al. ). The presence

of these peaks indicates that humic-like substances that are

non-biodegradable or that have low biodegradability primarily

formed from the hydrolysis of the sludge (Pang et al. ) and

remained in the liquids after incubation probably because of

the slower degradation. Peaks in this region were previously

cited by Pang et al. (), Du & Li () and Xu et al. (),

who reported peaks characterized by an Ex/Em wavelength

pair centred around Ex/Em of 340/428 and Ex/Em of

240/436 related to humic acid during the incubation and

composting of drinking water sludge and wastewater activated

sludge. Peaks 1, 2, and 4 were observed in the extracted water

after anaerobic incubation at 40 �C (Figure 2(g)). These three

peaks can be attributed to aromatic protein-like substances in

theDOMfraction, such as tryptophan-like substances and tyro-

sine-like substances. Peak 4, at Ex/Emof 250 to 450 nm/250 to

380 nm (Chen et al. ; He et al. ) may have arisen from

the presence of phenol-like materials that originated from

lignin degradation. The presence of Peaks 1, 2 and 4 suggested

that the sludge incubated anaerobically might consist of large

amounts of aromatic proteinaceous material and small

amounts in the aerobic condition that could be bonding with,

or physically encapsulated within, the humified centres of

DOM (Hassouna et al. ).

Based on the above analysis, the majority of DOM is

thought to consist of humic-like materials and protein-like

substances presented in the samples. The relatively high

fluorophore intensity of Peak 2 under anaerobic incubation

at all temperature ranges was mainly attributed to the abun-

dance of aromatic substances produced during the

incubation of DWTS (Chen et al. ). The high fluoro-

phore intensity of Peak 2 is consistent with the high SUVA

value under anaerobic incubation.

The variations in the levels of all components in the

water extracted from DWTS during the 21-day incubation

period were characterized by fluorescence intensity values

(Figure 3). Peak 1, described as tyrosine-like substance

DOM, might be an indication of some activity of microbial
om http://iwa.silverchair.com/ws/article-pdf/20/6/2194/766609/ws020062194.pdf
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DOM during DWTS incubation and remained in the

extracted water (Baghoth et al. ). The lower intensity of

Peak 1 under 5 �C and 20 �C indicated that the DOM was

easily degraded by bacteria under the low-temperature con-

ditions compared with that under 40 �C. Meanwhile, Peak 2

and Peak 3 have higher fluorescence intensity than the other

three components in the extracted water, indicating that

tryptophan-like substances and humic-like substances were

completely non-biodegradable and the major contributors

to the fluorescent DOM during sludge incubation and

were more likely to be accumulated and remain in the

extracted water (Jia et al. ). The variations in Peak 2

averaged 0.67 QSU and 1.82 QSU in aerobic incubation

and anaerobic incubation, respectively, and in Peak 3 aver-

aged 0.74 QSU and 1.69 QSU in aerobic incubation and

anaerobic incubation, respectively (Figure 3).

With increases in the incubation period, Peak 2 and

Peak 3 in the incubation system increased from day 0 to

day 7 of incubation, and thereafter slightly declined for 14

days of incubation. The declining trend of DOM fractions

is consistent with DOC concentrations under anaerobic

incubation. The trend of variation in Peak 2 tended to

track the variations in DOC under anaerobic incubation.

The highest fluorescence intensity was observed under

anaerobic incubation at 40 �C, but Peak 1 at 5 �C and

20 �C showed insignificant changes during the incubation

periods under both aerobic and anaerobic incubation.

Variations in HIX and FIX fluorescence indices in the

extracted water

HIX and FIX are widely applied to describe the origin and

transformation of DOM from various sources (Huguet

et al. ; Hansen et al. ). The changes in HIX and

FIX for the six systems during the experiment are shown

in Figure 4. The HIX values ranged from 0.51 to 0.73 in

the incubation system. HIX values typically indicate the

extent of humification, with higher values corresponding

to greater humification (Hansen et al. ). All HIX

values in the six systems were <0.8, indicative of low

humic levels. The average HIX at 21 days of incubation

was higher for anaerobic incubation than for aerobic

incubation, which indicates greater humification under

anaerobic incubation than under aerobic incubation.



Figure 3 | Variations of DOM fractions in the water extracted from DWTS under aerobic and anaerobic incubation at 7, 14, and 21 days of incubation.
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During the 7-day incubation, aromatic protein-like sub-

stances were present in all samples under anaerobic

incubation. Anaerobic incubation may promote and accel-

erate the production of protein materials derived from

extracellular lysis and lignin degradation. Greater humifi-

cation is associated with more complex, condensed

aromatic structures and/or more conjugation in aliphatic

chains, which are resistant to degradation (He et al. ).

The increase of HIX during aerobic incubation at 40 �C

may have been caused by the degradation and
://iwa.silverchair.com/ws/article-pdf/20/6/2194/766609/ws020062194.pdf
accumulation of recalcitrant DOM. On the other hand,

anaerobic incubation led more readily to the oxidation pro-

cess than under aerobic incubation at temperatures of 5 �C

and 20 �C. The presence of humic substances in anaerobic

incubation can be utilized for microbial respiration and

oxidizing DOM in the systems (Shao et al. ).

FIX is also an indicator of DOM source, with higher

values (∼1.8) indicating DOM from extracellular release

and leachate from bacteria and algae, and lower values

(∼1.2) indicating terrestrial DOM sources (McKnight et al.



Figure 4 | (a), (b) HIX and (c), (d) FIX for water extracted from DWTS at 7, 14, and 21 days of aerobic and anaerobic incubation.
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). The high FIX values in all six incubation systems

suggested that DOM was mainly produced from the extra-

cellular release of microorganisms as shown in Figure 4(c)

and 4(d). FIX values that are greater than the microbial

end-member range of 1.7–2.0 (McKnight et al. ) can be

employed for characterizing humic and fulvic acids.
Figure 5 | The molecular weight distributions for water extracted from DWTS at 7 days of aer

om http://iwa.silverchair.com/ws/article-pdf/20/6/2194/766609/ws020062194.pdf
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The molecular weight distribution of DOM in the

extracted water

The molecular weight distribution of DOM in the water

extracted from DWTS was measured by HPSEC and is

given in terms of UV absorbance at 260 nm (Figure 5).
obic and anaerobic incubation.
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The DOM for anaerobic incubation shows a high molecular

weight shown in a narrower distribution. Aerobic incu-

bation resulted in a broader distribution which is

positioned on the left side of the molecular weight distri-

bution chromatogram, reflecting low molecular weight

(Figure 5(a)). The molecular weights are lower for water

extracted from DWTS under aerobic incubation than

under anaerobic incubation, indicating the presence of

humic-like substances. The distribution of molecular

weight in extracted water under anaerobic incubation at a

temperature of 40 �C is distinct from that for the same incu-

bation under the two other temperature conditions (5 �C

and 20 �C). Under those two conditions, protein-like sub-

stances with high molecular weights are associated with

high SUVA values.

Table 1 shows that Mw is greater for the DOM that

formed and remained after anaerobic incubation. The

large weight-averaged molecular weight seen under anaero-

bic incubation at 20 �C indicates that a large protein-like

substance was produced during incubation. This result is

consistent with the fluorescence EEM under those con-

ditions at 7 days of incubation, where the protein-like

fraction is the main substance in the water extracted from

DWTS under anaerobic conditions. The polydispersity

index also shows that the DOMwhich formed and remained

after aerobic incubation is more heterogeneous than that

which formed after anaerobic incubation. The large fraction

of DOM assessed by molecular weight distribution observed

in the anaerobic incubation of DWTS is consistent with the

results assessed by fluorescence EEM, suggesting that more

protein-like substances with relatively high fluorophore
Table 1 | Molecular weight and polydispersity of initial extracted water of DWTS and after

7 days incubation period

Sample name
Mw (g/mol as
PSS)

Mn (g/mol as
PSS)

Polydispersity
(–)

Initial extracted
water

5,079 4,767 1.06

Aerobic 5 �C 2,349 4,751 0.49

Aerobic 20 �C 6,073 4,279 1.42

Aerobic 40 �C 5,461 4,892 1.12

Anaerobic 5 �C 6,232 4,534 1.37

Anaerobic 20 �C 6,915 5,831 1.18

Anaerobic 40 �C 5,785 5,674 1.02
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intensities formed under anaerobic incubation than under

aerobic incubation.

The Mw of the DOM in the water extracted from DWTS

was found to be high under anaerobic incubation at 20 �C

and mainly consisted of protein-like substances with a

high degree of aromaticity. In this study, anaerobic incu-

bation at a moderate temperature (20 �C) could release

DOM with high molecular weights. However, prolonged

incubation until day 21 did not result in any significant

changes in Mw (data not shown). DOM formed under

anaerobic incubation at a temperature of 5 �C had a

higher polydispersity than those at 20 �C and 40 �C. The

high temperature of incubation could present less dispersed

DOM under anaerobic incubation than that under aerobic

incubation.
CONCLUSIONS

Prolonged aerobic and anaerobic incubation of DWTS (7,

14, and 21 days) at different temperatures (5 �C, 20 �C,

40 �C) and DOM transformation in sludge were investi-

gated. Anaerobic incubation at high temperatures was

found to promote high DOC concentrations with low

SUVA values, which indicates that non-aromatic DOM

formed during incubation. Compositional analysis by fluor-

escence EEM indicated that more humic-like substances

formed during aerobic incubation than during anaerobic

incubation and that more protein-like substances formed

during anaerobic incubation than during aerobic incubation.

With increases in DOM, high-temperature incubation was

able to accelerate the humification process for aerobic incu-

bation, suggesting that the bulk DOM was more humified

under those conditions. Moreover, compositional analysis

based on the molecular weight distribution found that the

UV-absorbing DOM constituents that formed in anaerobic

incubation had higher molecular weights at high tempera-

tures than the molecular weights seen with aerobic

incubation.

This study indicated that incubation treatment under

aerobic conditions may decrease the DOM produced from

DWTS. The operation of aerobic incubation under alternate

aeration also may maintain lower production of refractory

organics during the incubation and achieve nitrogen
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removal through the nitrification–denitrification process,

and at the same time may possibly improve dewaterability

properties (Tomei et al. ). Further work is recommended

to provide detailed evidence on the effects of water

extracted from DWTS added in the drinking water treat-

ment plant process with respect to rapid chlorine

consumption during drinking water distribution.
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