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a b s t r a c t
Municipal wastewater effluent has increasingly been used as reclaimed water and a source of water for 
downstream communities. Dissolved organic nitrogen (DON) in wastewater effluent can be a precursor 
of nitrogen disinfection by-products (N-DBPs), which has garnered recent attention. Our results indi-
cated that: (1) the concentration of DON in the effluent was 1.95 mg/L, and the DON was primarily com-
posed of soluble microbial products (SMPs) resulting from the process of biological treatment of sewage. 
(2) Approximately 20% of the DON could be removed using coagulants at a dosage of 120 mg/L, and 
almost 80% of the DON was eliminated by adsorption with activated carbon at a dosage of 0.5 g/L. Small 
molecular weight DON compounds (<6 kDa) comprised most of the DON and accounted for 74.34% of 
the total. After coagulation, the percent fraction of <6 kDa DON increased, while the fraction of >20 kDa 
DON decreased. However, adsorption resulted in an opposite trend, with large molecular weight DON 
increasing and small molecular weight DON decreasing. (3) Hydrophilic and hydrophobic DON com-
prised most of the DON, and accounted for 58.5% and 30.8% of the DON, respectively. The removal 
of hydrophilic DON (mean 12%) was lower than that of hydrophobic DON (mean 76%) after coagula-
tion. In contrast, adsorption resulted in a greater removal of hydrophilic DON (mean 83%) than that of 
hydrophobic DON (mean 49%). (4) Coupling coagulation with adsorption prior to chlorination was the 
most effective means to lower the formation potential of disinfection by-products (DBPs). The formation 
potential of monochloro bromoacetonitrile was highest (41.3 μg/L), while that of trichloroacetonitrile 
was the lowest (1.3 μg/L). (5) Normalized excitation–emission area volumes (Øi,n) were used to quantify 
3-DEEM fluorescence. Ø2,n and Ø4,n of fluorescence regions II and IV were highest, and accounted for 
23.38% and 46.83% of the total, respectively. SMPs were effectively removed by coagulation or adsorp-
tion, which was highlighted by the highest removal rate for Ø4,n compared with the other four Øi,n.
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1. Introduction

Dissolved organic carbon (DOC), NH4
+–N, particulate 

organic nitrogen, and colloidal organic nitrogen (CON) that is 

present in wastewater treatment plant (WWTP) influent can 
be removed by various processes and treatments. However, 
dissolved organic nitrogen (DON) is particularly difficult to 
eliminate from waste waters [1]. Consequently, the DON con-
centrations of effluent waters can reach 0.5–3.0 mg/L, which 
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accounts for 40%–85% of the total dissolved nitrogen (TDN) 
in effluents [2].

Previous studies have shown that DON in WWTP efflu-
ents contain biodegradable DON (BDON) and bioavailable 
DON (ABDON), which includes free amino acids and urea 

[3,4]. As much as 28%–57% of DON in secondary efflu-
ents from denitrification WWTPs is composed of BDON 
or ABDON [3]. Others have also reported that BDON and 
ABDON can account for about 18%–61% of effluent DON [4]. 
ABDON and BDON that is present in effluent discharge into 
natural surface waters such as rivers, lakes, and reservoirs, 
can serve as potential nutrient sources that stimulate algal 
growth and results in depleted dissolved oxygen (DO) [5,6]. 
The decreased DO content of natural waters represents a 
serious threat to water quality. Further, effluent has increas-
ingly been used as reclaimed or drinking water sources for 
downstream communities. DON is a precursor for nitrogen 
disinfection by-products (N-DBPs) that can form during 
chlorination [7–11]. Importantly, the carcinogenic concentra-
tion of N-DBPs is much lower than that of carbon disinfection 
by-products (C-DBPs), suggesting that their formation can 
pose a particularly acute health risk. For instance, carcino-
genic concentrations of dimethyl nitrosamines and diethyl-
nitrosamines are only 0.7 and 0.2 ng/L, respectively [8]. It is, 
therefore, imperative to minimize DON concentrations in 
wastewater effluent.

Effluent DOC concentrations can generally be decreased 
by coagulation, adsorption, ion exchange, advanced 
oxidation, biodegradation, or other physical and chemical 
methods [12–16]. Of these, coagulation and adsorption are 
the most economical and effective means of treatment and 
are also easily applied in full-scale treatment processes. 
In contrast to DOC, DON is mainly composed of amino, 
nitrile, purine, and pyrimidine compounds [17,18], which 
contain functional groups comprising amine (–NH2), 
amide (–CONH–R), nitro (–NO2), and nitrile (–CN) groups 
[17,18]. The formation of H-bonding between functional 
groups and water molecules enhances the hydrophilicity 
of DON. Previous studies have shown that amino acids 
with small molecular weight and hydrophilicity can be 
important components of DON [17,18]. Thus, DON and 
DOC are distinguished by several properties. Thus, it 
is critical to investigate the effects of coagulation and 
adsorption on DON and the formation potential of DBPs 
in effluent waters.

Here, we investigated the concentrations, molecular 
weight fractions, and the hydrophobicity/hydrophilicity 
characteristics of DON in wastewater effluents. The rates of 
DON removal by coagulation, adsorption, and coupled coag-
ulation–adsorption processing were studied. In addition, the 
formation potential of DBPs was analyzed after the various 
treatment processes. Lastly, 3-DEEM was used to further 
characterize the DON variation among samples.

2. Materials and methods

2.1. Wastewater treatment processes and sampling

This study was carried out at the Xinyang WWTP 
(4.00 × 104 m3/d), Xinyang City, Henan Province, China. The 
treatment processes include grid, primary sedimentation 

tank, carrousel oxidation ditch, and secondary sedimenta-
tion tank. The concentration of solids suspended in mixed 
liquor in the carrousel oxidation ditch was 2,800 mg/L, and 
the returned activated sludge was roughly equal to the influ-
ent flow. The operating sludge retention time was about 18 d. 
The effluent was sampled, and then immediately filtered by 
using 0.45 μm pore size membranes. All filtered samples 
were stored at 4°C before analysis.

2.2. Analytical methods

DOC was determined using TOC-VCHS analyzer 
(Shimadzu). UV absorbance at 254 nm (UV254) was deter-
mined using a spectrophotometer (752N/UV-2101PC). 
The special UV absorbance (SUVA) was calcu-
lated as UV254 divided by mg/L DOC concentration 
(UV254/DOC), indicating the degree of aromaticity of 
dissolved organic matter (DOM). NH4

+–N was mea-
sured using salicylate-hypochlorite method. NO2

––N 
was measured using N-(1-naphthyl)-ethylenediamine 
photometric method. NO3

––N was determined using 
UV spectrophotometry method. TDN, sum of NH4

+–N, 
NO2

– –N, NO3
– –N, and DON, was measured using alkaline 

potassium persulfate digestion-UV spectrophotometric 
method. All the determinations were done according to 
the Chinese National Standard Methods (SEPA of China 
[19]). DON was quantified as the difference between TDN 
and three dissolved inorganic nitrogen species (including 
NH4

+–N, NO3
––N, and NO2

––N). The pHPZC was the corre-
sponding pH value when the zeta potential was 0 mV [20]. 
The amount of surface groups was determined by Boehm 
titration method [21]. The surface morphology of the carbon 
was analyzed using a scanning electron microscopy (SEM, 
JSM-5600LV). Surface area and pore size distributions for 
the samples were measured using ASAP2020 surface area 
analyzer using nitrogen adsorption/desorption method.

DBPs, including trichloroacetonitrile (TCAN), 
dichloroacetonitrile (DCAN), dichloroacetone (1,1-DCP), tri-
chloronitro methane (TCNM), monochloro bromoacetonitrile 
(BCAN), trichloroacetone (1,1,1-TCP), dibromoacetonitrile 
(DBAN), were analyzed after samples being extracted with 
methyl tert-butyl ether (MTBE) using a gas chromatograph 
(GC-2010, Shimadzu, Japan) equipped with a HP 5 fused silica 
capillary column (30 m × 0.25 mM i.d., 0.25 μM film thickness, 
J&W, USA) and an electronic capture detector using the mod-
ified USEPA method 551.1. The inlet and detector tempera-
tures were 200°C and 290°C, respectively. The temperature 
was programmed as follows: the initial holding was at 35°C 
for 10 min, then increased in rates of 10°C/min to 145°C for 
2 min, 2°C/min to 260°C for 5 min. N2 was used as carrier gas.

2.3. Physical and chemical characteristics of activated carbon

Two types of activated carbon (coconut shell and 
coal-activated carbon) were cleaned with deionized water at 
80°C several times, and then dried at 105°C. Activated carbon 
with particle sizes of 20–40 mesh were screened, stored, and 
dried. SEM photographs of the activated carbon are shown in 
Fig. 1, and the associated physical and chemical parameters 
are provided in Table 1.
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2.4. Fractionation of molecular weight and hydrophobicity/
hydrophilicity

The DON was fractionated by molecular sieves. Two 
types of regenerated cellulose membranes (Millipore Corp., 
USA) were used: (1) a membrane with a 20 kDa nominal 
molecular weight limit (NWML) and (2) a membrane with a 
6 kDa NWML. 200 mL of water sample were filtered through 
the first and second membranes in series. Fifty milliliters of 
raw water and each filtrate were retained for further analysis. 
The percentage of DON in each size range was calculated as 
follows:

% %< = ×6 1006k Da K Permeate

raw

C
C  (1)

% %< − =
−

×6 20 10020 6k k Da K Permeate K Permeate

raw

C C
C
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×20 100k Da raw 20K Permeate

raw

C C
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where Ci is the measured parameter of fraction i. Thus, we 
calculated the percentage difference between the measured 
total mass and the sum of the masses for each mass fraction.

DON in the effluent was separated into three fractions 
using Amberlite XAD-8, XAD-4 resin by the following pro-
cedures. The filtered effluent was acidified to pH 2 using 
6 mol/L HCl, and successively passed through the XAD-8, 
XAD-4 resin column. The eluate from XAD-4 was defined 
as the hydrophilic DON (HPI), whereas the DOM that 
remained on the XAD-8 resins was eluted with 0.1 mol/L 
NaOH at a flow rate of 100 mL/h and collected as the hydro-
phobic DON (HPO). The transitional DON (TPI) was quanti-
fied as the difference between the effluent DON and the sum 
of HPO and HPI.

2.5. Coagulation tests

Polyaluminium chloride (PACl, 28% Al2O3) and alumi-
num sulfate (Al2(SO4)3·18H2O) were used as coagulants in 
this study. Coagulation was performed using a standard 
jar tester. The 1 L effluents were placed in beaker at differ-
ent dosage of 10, 20, 40, 60, 80, 100, and 120 mg/L, and then 
stirred rapidly for 60 s at 300 rpm, followed by 15 min of slow 
mixing at 30 rpm and 30 min of settling. The supernatant was 
taken and filtered through 0.45 μm filter for further analysis. 
These experiments were conducted without pH adjustments.

2.6. Adsorption tests

Coconut shell and coal-activated carbon were used as 
adsorbents. Municipal effluent samples (200 mL) were placed 
in 250 mL Erlenmeyer flasks with different dosages of acti-
vated carbon (0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 g/L), and then 
intensively agitated on a horizontal shaker at 250 rpm and 
20°C. After 24 h, the activated carbon was separated from the 
solution by membrane filtration (0.45 μm pore size) and the 
remaining sample after adsorption was assessed.

2.7. DBPs formation potential

Seven different kinds of DBPs formation potentials were 
investigated as well. The pH of the effluent through the 
0.45 μm filter was adjusted to 7.0 with 10 mM phosphate 
buffer solution, and then chlorinated by a certain amount of 
sodium hypochlorite solution [22]. All chlorinated samples 
were stored in the dark at room temperature (22°C ± 1°C). 
After 72 h, the samples were quenched by ascorbic acid, and 
extracted immediately with MTBE.

2.8. 3DEEM fluorescence spectroscopy

Three-dimensional excitation–emission matrix (3DEEM) 
fluorescence spectroscopy (F-4600 FL Spectrophotometer, 

(a)

(b)

Fig. 1. SEM photographs of two kinds of activated carbon. 
(a) Coconut shell-activated carbon; (b) Coal-activated carbon.

Table 1
Physical and chemical characteristics of activated carbon used in 
the analyses

Activated carbon type Coconut shell Coal

BET surface area (m2/g) 973 714
Mean pore diameter (nm) 1.936 2.039
Micropore volume, Vm (cm3/g) 0.349 0.215
Total pore volume, Vt (cm3/g) 0.444 0.364
Vm/Vt 0.786 0.591
Basic groups (mmol/g) 0.75 0.70
Acidic groups (mmol/g) 0.78 0.83
pHPZC 6.92 5.43
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Hitachi, Japan) was used to characterize dissolved organic 
matter in water samples. The excitation (Ex) wavelength was 
set from 200 to 400 nm at 5 nm sampling intervals, corre-
sponding to emission (Em) wavelengths from 280 to 500 nm 
at the same sampling intervals. The excitation and emission 
slits were set at 5 nm and the scanning speed was set at 
1,200 nm/min. The spectrum of double distilled water was 
recorded as the blank. The software Origin 7.5 (OriginLab 
Inc., USA) was employed to process the data. The EEM spec-
tra were plotted as the elliptical shape of contours. The X-axis 
represented the emission spectra from 280 to 500 nm, and the 
Y-axis represented excitation from 200 to 400 nm. As a third 
dimension, a contour line was shown for each EEM spectra 
to express the fluorescence intensity at an interval of 5 nm. 
Fluorescence regional integration (FRI) was used for quanti-
fication of 3DEEM fluorescence [23].

3. Results and discussion

3.1. Characterization of the effluent

The concentrations of organic and inorganic mat-
ter in the effluent are shown in Fig. 2. The TDN concen-
tration of the effluent was 10.26 mg/L while DON was 
1.95 mg/L (approximately 20% of the TDN), and NH4

+–N, 
NO3

––N, NO2
––N concentrations were 2.37, 5.86, and 

0.08 mg/L, respectively (Fig. 2(a)). DOC concentration was 
11.28 mg/L and the ratio of DOC/DON (C/N) was 5.78 mg 
DOC/mg DON (Fig. 2(b)). UV254 and SUVA were 13.23 1/m 
and 1.17 L/(m mg), respectively (Fig. 2(c)). The molecular 
weight fractions of DON and DOC in the effluent are shown 
in Fig. 3. Small molecular weight (<6 kDa) DON accounted 
for a high proportion of the DON (74.34%), whereas large 
(>20 kDa) and medium molecular weight (6–20 kDa) DON 
accounted for 12.21% and 13.45% of the total, respectively 
(Fig. 3(a)). A bimodal distribution of DOC molecular weight 
fractionation was observed (Fig. 3(b)). The percentages 
of large (>20 kDa) and small (<6 kDa) molecular weight 
fractions were 22.85% and 63.23%, respectively, while 
the medium molecular weight fraction (6–20 kDa) only 
accounted for 13.92% of the total DOC.

SUVA is an important index to evaluate the properties of 
organic matter and is strongly correlated with abundances of 
aromatic-like organic compounds and unsaturated organic 
compounds [24]. A SUVA value higher than 4 L/(m mg), 
indicates a greater concentration of hydrophobic compounds 
and large molecular weight substances, which would indi-
cate that DOM could be easily removed by coagulation [25]. 
However, the SUVA value of the effluent analyzed here was 
only 1.17 L/(m mg), suggesting a lower DOM hydrophobicity 
which contained the DON. However, the percentage of large 
molecular weight DON (>20 kDa) was 12.21%. These results 
suggest that it would be difficult to remove the DON of the 
effluent analyzed here by coagulation.

Previous studies have shown that the ratio of C/N can 
be used to identify the origin of organic matter. A lower 
C/N ratio would indicate that DOM is derived from algae 
or bacteria, and a higher ratio would suggest that plants or 
soils contribute more to the DOM pool [26–28]. The ratio 
of C/N in the effluent was only 5.78 mg DOC/mg DON 
indicating that the effluent DON was presumably composed 

of soluble microbial products (SMPs) from the biological 
treatment of sewage. When microorganisms degrade 
organic and inorganic matter, SMPs containing large 
abundances of nitrogen-enriched compounds including 
proteins, amino acids, polysaccharides, and nucleic acids 
are released through cell lysis, endogenous cellular respi-
ration, and metabolic losses among other mechanisms [29]. 
Thus, others have argued that DON could be a proxy for 
SMP production [30].
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Fig. 2. Characterization of the effluent. (a) DON, TDN, NH4
+–N, 

NO3
––N, NO2

––N concentrations; (b) DOC concentration and 
ratio of N/C; (c) UV254 and SUVA. Data are averages of three 
replicate analyses, and all relative standard deviations (n = 3) 
were below 9%.
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3.2. DON, DOC, and UV254 coagulation analyses

The removal of DON, DOC, and UV254 by coagulation 
with increasing PAC1 and aluminum sulfate dosages were 
evaluated and the results are shown in Fig. 4. The removal 
of DON, DOC, and UV254 with increasing coagulant dosage 
followed similar trends. The rate of DON removal reached 
18.08% and 16.37% at dosages of 120 mg/L of both PAC1 and 
aluminum sulfate (Fig. 4(a)). At the same dosage, the rates 
of DOC removal were 26.97% and 24.78%, respectively, and 
the efficiencies of UV254 removal were 45.58% and 43.32%, 
respectively. The removal efficiency for the surrogate param-
eters followed the order of: UV254 > DOC > DON. A greater 
removal rate of UV254 compared with that of DOC and DON 
is consistent with previous studies [31].

Coagulants are mainly used to remove suspended parti-
cles and colloidal substances from waters [32]. However, they 
can also be applied as an effective method for the removal 
of DOM [33]. Previous reports have shown that flocculants 
that form during hydrolysis exhibit positive charges, and 
could adsorb negatively charged DOM [33]. The DOM that is 
removed can include high abundances of nitrogenous func-
tional groups, which aids in the removal of about 20% of DON 
using coagulation. Here, the rate of DOC removal was slightly 
higher than that of DON removal, which may be related to the 
distribution of different molecular weight fractions (Fig. 3).

The rates of DON, DOC, and UV254 removal after PACl 
coagulation were slightly higher than what was observed 
with aluminum sulfate. These results could be explained by 
several observations. First, the overall charge value of PACl 
is much higher than that of aluminum sulfate, which could 
lead to a stronger neutralizing ability of PACl [34]. Second, 
PACl has a larger molecular weight, and its long chain struc-
ture could enhance bridging and netting [34]. When the 
coagulant dosage was below 60 mg/L, PACl had a consid-
erably greater removal rate of DON (1.3×) compared with 
aluminum sulfate, and was generally more effective than 
aluminum sulfate, regardless of dosage (Fig. 3). Therefore, 
the neutralization mechanism may be particularly dominant 
at low dosages of coagulant.

3.3. DON, DOC, and UV254 adsorption performance studies

The removal efficiency of DON, DOC, and UV254 by 
activated carbon adsorption is shown in Fig. 5. With increasing 
activated carbon dosages, the rate of DON removal increased 
(Fig. 5(a)). At activated carbon dosages of 0.5 g/L, the rates 
of DON removal reached 80.96% and 71.86% for coal and 
coconut shell-activated carbon, respectively. In addition, the 
rate of DON removal increased fastest at dosages ranging 
from 0.05 to 0.2 g/L, regardless of which type of activated 
carbon was used.
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DOC and UV254 removal profiles were similar to that of 
DON (Figs. 5(b) and (c)). At activated carbon dosages of 0.5 g/L, 
the rates of DOC removal were 53.54% and 46.87% for coal 
and coconut shell-activated carbon, respectively. Compared 
with DON and DOC, UV254 was eliminated significantly more, 
with removal rates approaching 90.98% and 79.72%. UV254 
has been reported to reflect abundances of aromatic-like com-
pounds containing C=C and C=O double bonds. Consequently, 
adsorption is more effective for removing aromatic-like 
compounds [35]. These observations likely explain why the 
rate of UV254 removal was higher than that of DON and DOC. 
The adsorption isotherm of DON is shown in Fig. 5(d), and was 
fitted using the Freundlich isotherm model. Isotherm constants 
and correlation coefficients are provided in Table 2. Adsorption 
isotherm experiments were conducted to investigate the DON 
adsorption capacity of different activated carbon treatments.

The removal efficiencies of DON, DOC, and UV254 via 
adsorption with coconut shell-activated carbon were much 
higher than by activated coal carbon (Fig. 5 and Table 2). This 
difference could be explained by a number of mechanisms: (1) 
the adsorption capacity of activated carbon is closely related 
to its pore structure [36]. Generally, the pore structure of 
activated carbon should match the molecular dimensions of 
DOM. As shown in Fig. 3(a), small molecular weight (<6 kDa) 
DON was the dominant DON fraction in the effluent. In 
addition, physical analyses indicated that the specific surface 
area, micropore volume, and ratio of micropore to total pore 
of coconut shell-activated carbon were relatively higher than 
the coal-activated carbon (Table 1), which likely resulted in 
greater adsorption of small molecular weight DON. (2) The 
surface of coal-activated carbon possessed higher concentra-
tions of acidic groups and exhibited stronger hydrophilicity 
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Table 2
Parameters of the DON adsorption isotherm

Freundlich isotherm Langmuir isotherm

Kf (mg/g)/(mg/L)n 1/n R2 qmax (mg/g) b (L/mg) R2

Coconut shell-activated carbon 6.667 0.733 0.969 27.639 0.328 0.985
Coal-activated carbon 4.386 0.798 0.977 25.829 0.206 0.966
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(Table 1) [36]. Based on a π–π dispersion mechanism [37], 
water molecules would form strong H-bonds with the hydro-
philic functional groups of the coal-activated carbon surface, 
which would hinder the adsorption of DON molecules. The 
competition for adsorption between water molecules and 
DON would then weaken the adsorption effect of DON with 
coal-activated carbon surfaces. (3) The pHPZC value of the sur-
face of coal-activated carbon was 5.43 (Table 1), indicating that 
it contained a greater abundance of negative charges. Thus, 
charge rejection between the surface of coal-activated carbon 
and the negative charges of DOM would result in weaker 
adsorption [37,38]. The surface of coconut shell-activated car-
bon contained higher positive charge and it would be easier 
to form electron donor–acceptor complexes with negatively 
charged DOM via the mechanism of electron donor–acceptor 
complexes [38], which would then result in greater DON 
removal. (4) Effluent DON was mainly composed of tryp-
tophan protein-like substances, aromatic protein-like sub-
stances and fulvic acids-like substances, such as tryptophan 
acid and fulvic acid (Fig. 9). The higher concentration of basic 
groups on the coconut shell-activated carbon surface would 
lead to greater reactivity with the acidic functional groups of 
tryptophan acid and fulvic acid, among other acidic-group 
containing complexes.

3.4. Removal of DON and DOC by coupling coagulation 
with adsorption

The effluent was first treated by coagulation at a dos-
age of 60 mg/L, and then adsorption with activated carbon 
at a dosage of 0.1 g/L. The percentages of DON and DOC 
that were removed using this coupled coagulation and 
adsorption methodology are shown in Fig. 6. The maximum 
removal rates of DON and DOC were 69.15% and 58.24%, 
respectively. The original concentrations of DON and DOC 
in the effluent were 1.95 and 11.28 mg/L, respectively, but 
were reduced to 0.60 and 4.71 mg/L, respectively, after treat-
ment with coupled coagulation with adsorption. Moreover, 
the formation potential of DBPs was also greatly decreased 
(Fig. 8). Importantly, the rate of DON removal by coupling 
coagulation and adsorption was higher than the sum of indi-
vidual coagulation and adsorption treatments. This increase 
in removal could likely be explained by either of two mech-
anisms: (1) large molecular weight DON was removed by 
coagulation, and the small molecular weight fraction was 
then eliminated by adsorption resulting in overall greater 
DON removal. (2) Activated carbon micropores that were 
blocked by organic matter declined in abundance after coag-
ulation, and the adsorption capacity of smaller molecular 
weight organic matter then increased [39,40]. Regardless of 
the exact mechanism, the rates of DON and DOC removal 
were enhanced by coupling coagulation with adsorption to 
treat wastewater effluent.

3.5. Molecular weight fractionation and 
hydrophobicity/hydrophilicity of DON

Molecular weight fractions of DON are shown in Fig. 7(a) 
for sample 1 (the effluent), sample 2 (treated with coagula-
tion at a dosage of 60 mg/L), sample 3 (treated by adsorption 
with coconut shell-activated carbon at a dosage of 0.1 g/L), 

and sample 4 (coagulation with a PACl dosage of 60 mg/L 
and adsorption with a coconut shell-activated carbon dosage 
of 0.1 g/L). The small (<6 kDa) and middle (6–20 kDa) molec-
ular weight fractions accounted for 74.34% and 13.45% of the 
DON, respectively, while the large molecular weight DON 
(>20 kDa) only accounted for about 12.21% of the total DON. 
After coagulation, the fraction of <6 kDa DON increased from 
74.34% to 78.76%, while the fraction of >20 kDa decreased 
from 12.21% to 9.09%. The molecular weight fraction in the 
range of 6–20 kDa was roughly equivalent before and after 
coagulation, comprising DON percentages of 13.45% and 
12.15%, respectively. The removal of large molecular weight 
(>20 kDa) DON was higher after coagulation. After adsorp-
tion treatment, the fraction of DON belonging to the molec-
ular weight class of <6 kDa exhibited a decrease from 71.34% 
to 53.89%, while >20 kDa DON increased from 12.21% to 
28.32% of total DON. For the DON fraction in the 6–20 kDa 
range, adsorption resulted in a moderate increase from 
13.45% to 17.77% of total DON. Thus, the removal of small 
molecular weight (<6 kDa) DON was particularly prevalent 
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Fig. 6. Removal efficiencies of DON and DOC after coagulation 
combined with adsorption (coagulant dosage = 60 mg/L; 
activated carbon dosage = 0.1 g/L). (a) DON removal efficiency; 
(b) DOC removal efficiency. Data are averages of three replicates 
and all relative standard deviations (n = 3) were below 9%.
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after adsorption. Differences in molecular weight fraction 
after coupling coagulation with adsorption exhibited similar 
results as compared with adsorption alone.

The variation in hydrophobicity/hydrophilicity after dif-
ferent treatment processes is shown in Fig. 7(b). Hydrophilic 
and hydrophobic DON were clearly dominant in the effluent, 
accounting for 58.5% and 30.8% of the total, respectively. The 
rate of hydrophilic DON removal by coagulation (mean 12%) 
was lower than that of hydrophobic DON removal (mean 
76%), which led to an increase of hydrophilic DON from 
58.5% to 71.4% of the total and a decrease in hydrophobic 
DON from 30.8% to 12.3% of the total. Thus, coagulation was 
more effective in the removal of hydrophobic large molecu-
lar weight DON. In contrast, adsorption resulted in a higher 
hydrophilic DON removal rate (mean 83%) compared with 
hydrophobic DON removal (mean 49%) corresponding to a 
decrease of total DON from 58.5% to 41.8% for hydrophilic 
DON and an increase from 30.8% to 32.7% for hydrophobic 
DON. Thus, hydrophilic small molecular weight DON was 
more effectively removed by adsorption. The differences in 
hydrophobicity/hydrophilicity of DON after coupling coag-
ulation with adsorption were similar to what was observed 
after adsorption alone.

3.6. DBP formation potentials

Formation potentials for DBPs resulting from chlori-
nation of the samples were investigated and are shown in 
Fig. 8. During chlorination of the effluent (sample 1), the for-
mation potential of BCAN was the highest (41.3 μg/L). Due 
to base-catalyzed hydrolysis at pH > 5.5 [41], the formation 
potential of TCAN was minimal, and only reached 1.3 μg/L. 
Previous studies have shown that the formation potentials 
of some DBPs are reduced as DON concentration decreases 
[11,41]. All seven types of DBP formation potentials that 
were assessed decreased after different treatment processes. 
Hydrophilic, low-molecular weight DON is thought to be a 
precursor to TCNM [42], and is poorly removed by coagula-
tion, which may explain why TCNM concentration remained 
almost unchanged in sample 2 after treatment. SMPs 
(e.g., nucleic acids, proteins, amino acids) are positively cor-
related with BCAN, DCAN, DBAN, and TCAN yields during 
chlorination [42]. SMPs were effectively eliminated from the 
effluent by coagulation, adsorption, and by coupling coag-
ulation with adsorption (Fig. 9). Thus, the formation poten-
tials of BCAN, DCAN, DBAN, and TCAN all decreased after 
treatment here. Consequently, coupling coagulation with 
adsorption was the most effective means for lowering forma-
tion potentials of all DBPs in this study.

3.7. Characterization of DON

3-DEEM had been widely used to characterize DOM 
[43], and a good linear relationship between peak intensity of 
3-DEEM spectra and DON concentration has been reported 
[44–46]. As shown above, coupling coagulation with adsorp-
tion had a substantial effect on the variation of DON character-
istics. 3-DEEM was used to further characterize DON variation 
among the various treatment strategies (Fig. 9). Using consis-
tent excitation and emission wavelength boundaries for each 
3-DEEM spectra, horizontal and vertical lines were drawn to 
divide the 3-DEEM spectra into five regions. 3-DEEM peaks 
were associated with humic-like, tyrosine-like, tryptophan-like, 
and phenol-like organic compounds [23]. Regions I and II 
were located at the excitation/emission (Ex/Em) wavelengths 
of 200–250/280–320 nm and 200–250/320–380 nm, respec-
tively, and are associated with simple aromatic protein-like 
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substances such as tyrosine. Region III was located at the exci-
tation/emission (Ex/Em) wavelengths of 200–250/380–500 nm, 
and is related to fulvic acid-like materials. Region IV was 
located at the excitation/emission (Ex/Em) wavelengths of 
250–280/280–380 nm, and represents SMPs, such as tryptophan 
protein-like substances. Region V was present at the excitation/
emission (Ex/Em) wavelengths of 250–400/380–500 nm, and is 
related to humic acid-like organics.

FRI was used for further quantification of 3-DEEM flu-
orescence. Øi,n of different 3-DEEM regions were calculated 
and are summarized in Table 3. Øi,n represents the relative 
organic matter content of different regions [23]. The Øi,n of 

fluorescence regions I, II, III, IV, and V in the effluent were 
3.13, 11.26, 5.08, 22.56, and 6.14 (105 au nm2), respectively 
(Table 3). The Ø2,n and Ø4,n of fluorescence regions II and 
IV were largest, and accounted for 23.38% and 46.83% of 
the total, which indicated that effluent DOM was primarily 
composed of SMPs and aromatic protein-like substances. 
After coagulation (sample b), the Øi,n of fluorescence regions 
I, II, III, IV, and V decreased. However, the rate of removal 
of Ø4,n in region IV was the highest, and comprised 42.06% 
of the total. SMPs consist of molecules such as tryptophan, 
tyrosine, polysaccharides, and nucleic acids, which con-
tain amino, carboxyl, hydroxyl, sulfonic acid, and phenolic 
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Fig. 9. 3-DEEM spectra of different water samples. (a) Effluents; (b) coagulation-treated; (c) adsorption-treated; (d) coagulation and 
adsorption treated.

Table 3
FRI parameters of different samples

Samples Region I Region II Region III Region IV Region V
Ø1,n/105·au·nm2 Ø2,n/105·au·nm2 Ø3,n/105·au·nm2 Ø4,n/105·au·nm2 Ø5,n/105·au·nm2

a 3.13 11.26 5.08 22.56 6.14
b 2.23 9.34 4.76 13.07 5.93
c 2.28 8.13 3.79 10.24 5.21
d 2.16 7.97 4.64 7.62 5.68
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hydroxyl functional groups. It is likely that complexing reac-
tions occurred between SMPs and polyvalent metal ions 
(e.g., Cu2+, Al3+, Fe3+) to form organic-metal compounds [47]. 
Consequently, the higher concentrations of Al3+ from PACl 
coagulation promoted complexation reactions, which ulti-
mately resulted in the removal of SMPs. During adsorption 
(sample c), the rate of removal of Ø4,n in region IV was the 
highest, and approached 54.61%, suggesting that adsorp-
tion using activated carbon was the most effective way to 
eliminate SMPs from the effluent [48]. Coagulation with 
adsorption significantly lowered the Øi,n of 3-DEEM regions 
(sample d), which is consistent with the removal of DON and 
the lowering of DBP formation potentials.

4. Conclusions

(1) The concentration of DON was 1.95 mg/L in the effluent, 
and the DOC/DON ratio was 5.78 mg DOC/mg DON. 
Small molecular weight (<6 kDa) DON accounted for 
most of the DON (74.34% of the total). Analyses indicated 
that the DON was primarily composed of SMPs resulting 
from the process of biological treatment of sewage.

(2) The rate of DON removal reached 18.08% and 16.37% at 
dosages of 120 mg/L PAC1 and aluminum sulfate, respec-
tively. Increasing activated carbon dosages resulted in 
increasing DON removal rates. The rates of DON removal 
reached 80.96% and 71.86% using an activated carbon 
dosage of 0.5 g/L of coconut shell and coal-activated 
carbon, respectively. The rate of DON removal when cou-
pling coagulation with adsorption was higher than the 
sum of individual coagulation and adsorption treatment 
processing.

(3) After coagulation, the small weight fraction (<6 kDa) of 
DON increased, while the large weight fraction (>20 kDa) 
of DON decreased. However, adsorption resulted in an 
opposite trend, showing an increase in the larger DON 
weight fraction. Hydrophilic and hydrophobic DON 
accounted for most of the DON in the effluent, compris-
ing 58.5% and 30.8% of the total, respectively. The rate of 
hydrophilic DON removal (mean 12%) was lower than 
that of hydrophobic DON (mean 76%) after coagula-
tion treatment. In contrast, the rate of hydrophilic DON 
removal (mean 83%) was higher than that of hydrophobic 
DON (mean 49%) when treating with adsorption.

(4) The formation potential of BCAN in the effluent 
(41.3 μg/L) was the highest of seven types of DBPs, while 
TCAN formation potential was the lowest (1.3 μg/L). 
However, all seven types of DBP formation potentials 
that were assessed, decreased with the different treat-
ment processes. Coupling coagulation with adsorption 
was the most effective means to lower the formation 
potentials of all DBPs that were assessed.

(5) The Øi,n of fluorescence regions I, II, III, IV, and V in the 
effluent were 3.13, 11.26, 5.08, 22.56, and 6.14 (105 au nm2), 
respectively. The Ø2,n and Ø4,n of fluorescence regions II 
and IV were the highest, and accounted for 23.38% and 
46.83% of the total, respectively. The rate of Ø4,n removal 
in region IV was the highest of any Øi,n under different 
treatment processes. The results thus suggested that 
SMPs were effectively eliminated by coagulation or 
adsorption.
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