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a b s t r a c t

Dissolved organic matter (DOM) in surface waters has important implication for water quality, and 
also plays an important role in the distribution, bioavailability, and toxicity of pollutants in waters. 
The distribution, spectroscopic characteristics and chlorine reactivity of DOM fractions in the North 
Canal in Shenyang during icebound season were investigated. DOM was fractionated using XAD 
resins into five fractions: hydrophobic acid (HPO-A), hydrophobic neutral (HPO-N), transphilic 
acid (TPI-A), transphilic neutral (TPI-N) and hydrophilic fraction (HPI). The results showed that 
dissolved organic carbon (DOC) concentrations in river waters were relatively high during icebound 
season. DOC values of the bulk DOM, HPO-A, TPI-A and TPI-N in ice phase were lower than those 
corresponding values in liquid phase. The variation trend of absorbance of ultraviolet light at 254 nm 
(UV254) along the direction of water was inconsistent with that of DOC in both liquid and ice phases. 
HPO-A and TPI-A were the dominant ultraviolet (UV)-absorbing compounds in both liquid and ice 
phases. The variation trend of fluorescent materials in ice phase along the direction of water was sim-
ilar to that in liquid phase. HPO-A, HPO-N and TPI-N were the main trihalomethane precursors in 
both liquid and ice phases. Trihalomethane formation potential (THMFP) of HPO-A, TPI-A, HPO-N 
and TPI-N in ice phase was lower than that in liquid phase. Such knowledge can assist in our under-
standing of DOM dynamics in urban rivers during icebound season, and thus provides improved 
insight into the development of effective water quality management.
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1. Introduction

With the speeding up of urbanization and improve-
ment of people’s living standard, people have higher 
and higher requirements for water supply, and dissolved 
organic matter (DOM) in water gradually become hot top-
ics in the study of environmental water quality and water 
treatment technology. It is a major concern in drinking 
water treatment since it causes adverse esthetic quali-
ties such as color, taste, and odor. In the process of water 
treatment, the existence of DOM will affect the effect of 

coagulation, accelerate the blocking of filter bed and fil-
ter membrane. Furthermore, past researches have shown 
that the chlorination process of natural water containing 
DOM may cause the production of harmful disinfection 
by-products (DBPs) such as trihalomethanes (THMs) and 
haloacetic acids (HAAs), which are concerned for human 
health security [1,2]. Because of their complex polymeric 
properties, it is often necessary to isolate DOM for a bet-
ter understanding of its role in water chemistry. The XAD 
resin method has been reported in many applications for 
fractionation of DOM and is generally considered as the 
state-of-art method at present for such fractionation [3]. 
The fractionation of the bulk DOM into some well-defined 
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subcomponents allowed a thorough investigation of the 
chlorine reactivity and spectral characterization of the 
DOM fractions [4,5].

Fluorescence spectroscopy has been applied for char-
acterizing fluorescence properties of DOM for several 
decades. This technique provides important information 
on the chemical properties of the fluorescing fraction of 
organic matter. It is a versatile, simple, rapid and sensitive 
method requiring only a small volume of sample [6]. The 
fluorescence regional integration (FRI) technique proposed 
by Chen et al. [7] is used to analyze quantitatively all the 
wavelength-dependent fluorescence intensity data from 
excitation-emission matrix (EEM) spectra [8]. EEM spectra 
were divided in five excitation–emission regions using con-
sistent excitation and emission wavelength boundaries, and 
the quantitative analysis included the integration of the vol-
ume beneath each region, which represents the cumulative 
fluorescence response of DOM with similar properties [7].

Urban rivers are rivers or river sections that originate in 
cities or flow through urban areas. They generally include 
canals which are artificially excavated, but have the char-
acteristics of natural rivers after many years of evolution 
[9]. With the rapid development of urban economy and the 
growing of urban scale, urban sewage emissions continue to 
increase, and urban rivers which act as important resource 
and sewage receivers in cities have been seriously polluted. 
Some urban rivers are black and smelly all year round, and 
seriously affect the ecology and landscape in cities [10]. Cur-
rently, the pollution status, causes and variations of heavy 
metals and organic pollutants in urban rivers have been 
investigated by many researchers [11]. However, these stud-
ies focused on the non freezing period. The phenomenon that 
waters freeze in cold areas is universal. The winter is long 
and very cold in the north of China, where large bodies of 
water, such as rivers, lakes, and reservoirs, are ice-covered 
for 3~5 mo each year. For rivers during icebound season, 
the hydrological characteristics and other factors affect-
ing the reduction of pollutants in waters are different from 
those during non freezing period. As a result, the distribu-
tion, characteristics and fate of pollutants in rivers during 
icebound season might be different from those during non 
freezing period [12,13]. DOM in urban rivers plays important 
roles in the ecological environment and health of residents in 
cities. However, the distribution and characteristics of DOM 
in urban rivers during icebound season still remain unclear. 
The objectives of this study are, therefore, to investigate the 
distribution, spectroscopic characteristics and chlorine reac-
tivity of DOM fractions in both liquid and ice phases in urban 
rivers during icebound season.

2. Materials and methods

2.1 Sampling method

The North Canal is located in the north of Shenyang. 
It is an artificial irrigation channel excavated in 1914, with 
the length of 27.7 km and the width of 15~25 m. The North 
Canal is the longest river in the round-the-city water sys-
tems in Shenyang. The North Canal flow is made up 
freshwater from the Hunhe River as well as treated and/
or untreated domestic wastewater. The Beibu Wastewater 
Treatment Plant effluent contributes 7~28% of the flow.

As shown in Fig. 1, there were six sampling sites along 
the North Canal, and the flow direction of water was from 
the sampling point 1 to 6. The locations and geographical 
conditions of the six sampling points were shown in Table 1. 
The water and ice samples were collected on 27 December 
2014, and on 10 and 25 January during icebound season in 
2015, respectively. The whole thick ice samples were col-
lected with the stainless round ice auger, and then put into 
the stainless barrels. Water samples were collected using 
a stainless water sample collector from the holes drilled 
with the ice auger, and put into acid-cleaned and pre-con-
ditioned polypropylene buckets. Water temperature was 
measured in situ with a thermometer. Dissolved oxygen 
(DO) of all water samples was determined in field using 
a portable dissolved oxygen analyzer (Liance SIN-DO30, 
Hangzhou, China). Samples  were  immediately  delivered  
to  the  laboratory and stored at 4°C. The three samples col-
lected at the same sampling point were set as one sample 
by equal volume mixing. The ice samples colleted at 1, 2, 
3, 4, 5 and 6 sampling points were designated as B1, B2, B3, 
B4, B5, and B6, respectively. Similarly, the waters colleted 
at 1, 2, 3, 4, 5 and 6 sampling points were designated as 
S1, S2, S3, S4, S5, and S6, respectively. The general water 
quality data for S1~S6 water samples and B1~B6 ice sam-
ples (all ice samples thawed at room temperature and then 
subjected to water quality measurements) were shown in 
Table 2. In addition, water samples were also collected 

Table 1
The locations and geographical conditions of the six sampling 
points

Sampling 
points

Sampling sites Coordinates Distance to the 
source (km)

1 Hemu Road 
Bridge

123°30”48”E, 
41°48’50”N

9.69

2 Desheng 
Bridge

123°29’14”E, 
41°49’4”N

12.28

3 Liaohe Bridge 123°26’39”E, 
41°50’24”N

17.07

4 Changjiang 
Bridge

123°25’4”E, 
41°50’47”N

19.69

5 Taiping 
Bridge

123°23’13”E, 
41°50’23”N

23.08

6 Dayu Bridge 123°22’27”E, 
41°50’9”N

24.81

Fig. 1. Locations of the sampling points along the North Canal.
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at the sampling point 6 biweekly in 2014, to investigate 
monthly variations of dissolved organic carbon (DOC) in 
water of the North Canal.

2.2 DOM fractionation

According to the different adsorption properties of 
XAD-8/XAD-4 resin, DOM was fractionated into five 
classes: hydrophobic acid (HPO-A), hydrophobic neutral 
(HPO-N), transphilic acid (TPI-A), transphilic neutral (TPI-
N) and hydrophilic fraction (HPI) [7,14]. The DOM fraction-
ation method was as follows: samples were filtered through 
0.45 µm filter, acidified to pH 2, and then passed through 
two columns in series containing XAD-8 and XAD-4 resins. 
After all the samples were run through the columns, each 
column was separately back eluted with 0.1 mol/L sodium 
hydroxide (NaOH). The eluate from XAD-8 is defined as 
HPO-A and the eluate from XAD-4 is defined as TPI-A. Both 
HPO-A and TPI-A were desalted using cation exchange 
resin and freeze-dried using a vacuum freeze dry system. 
HPO-N and TPI-N are those compounds that adsorb onto 
XAD-8 and XAD-4 resins, respectively but are not dissolved 
during back elution with NaOH. They were desorbed from 
the XAD resins using a 75% acetonitrile/25% Milli-Q water 
solution. Acetonitrile was subsequently removed using 
rotary-evaporation and the resin isolates were lyophilized. 
HPI is the carbon in the XAD-4 effluent, which was desalted 
using cation/anion exchange resin and then further con-
centrated using rotary evaporator to reduce liquid volume 
prior to lyophilization. DOC, absorbance of ultraviolet light 
at 254 nm (UV254), fluorescence spectra and trihalomethane 
formation potential (THMFP) of the fractionated samples 
were measured.

2.3 THMFP measurement

THMFP measurements were performed according to 
Standard Method 5710B. All samples were adjusted to a pH 
of 7 ± 0.2, buffered with a phosphate solution, and chlo-
rinated with an adequate excess amount of concentrated 
sodium hypochlorite (NaClO), to assure a residue concen-
tration of free chlorine of about 3~5 mg/L at the end of 

the reaction period (requiring 7d at 25 ± 2°C). At the end 
of this reaction period, the residual chlorine was immedi-
ately quenched with sodium sulfite (Na2SO3) and analysis 
of trihalomethane (THM) was conducted without delay. 
THMs were extracted with methyl tertbutyl ether (MTBE) 
from the chlorinated samples using a modified EPA method 
551.1 and analyzed by gas chromatography with an elec-
tron capture detector (GC/ECD, CP-3800, Varian, Palo Alto, 
California, USA).

2.4 Analysis

DOC concentration for DOM fractions was analyzed 
using a Shimadzu TOC-5000 Total Organic Carbon Ana-
lyzer (Shimadzu, Kyoto, Japan) with auto-sampler.

UV254 was measured with a Cary 50 ultraviolet-visible 
(UV–VIS) spectrophotometer (Varian, Palo Alto, California, 
USA). Specific ultraviolet light absorbance (SUVA) was cal-
culated as (UV254/DOC) × 100.

Fluorescence spectra were obtained with a Cary Eclipse 
spectrofluorometer (Varian, Palo Alto, California, USA). 
Regulating water pH value of 7, and then loaded into 1 
cm quartz fluorescent sample pool with three-dimensional 
fluorescence spectrometry. Slits were set to 5 nm for both 
excitation and emission and scan speed was set at 1200 
nm/min. The excitation (Ex) wavelength was increased 
from 220 to 400 nm (5-nm intervals), whereas the emission 
(Em) wavelength range was fixed from 290 to 550 nm (1-nm 
intervals). All data were normalized to the intensity of the 
water Raman scatter peak, determined daily with freshly 
distilled water, and corrected for inner filter effects by 
means of absorbance at 254 nm.

The EEM spectra were divided into five regions which 
represented specific fractions of DOM. The five regions 
were as follows: Regions I (Ex: 220~250 nm/Em: 290~330 
nm) and II (Ex: 220~250 nm/Em: 330~380 nm) recognized 
as belonging to aromatic protein-like fluorescence, Region 
III (Ex: 220~250 nm/Em: 380~550 nm) associated with ful-
vic acid-like fluorescence, Region IV (Ex: 250~400 nm/Em: 
290~380 nm)related to soluble microbial byproduct-like 
(SMP-like) florescence, and Region V (Ex: 250~400 nm/
Em: 380~550 nm) assigned to humic acid-like fluorescence. 
The quantitative analysis of EEMs was conducted follow-

Table 2
General water quality data for water and ice samples collected at the six sampling points along the North Canal during icebound 
season

Sampling
points

Sample name Conductivity
(ms/cm)

Temperature
(°C)

pH DO 
(mg/L)

NH3–N 
(mg/L)

DOC 
(mg/L)

UV254  
(m–1)

Water 
samples/Ice 
samples

Water 
samples/Ice 
samples

Water 
samples/Ice 
samples

Water 
samples/Ice 
samples

Water 
samples/Ice 
samples

Water 
samples/Ice 
samples

Water 
samples/Ice 
samples

Water 
samples/Ice 
samples

1 S1/B1 720.0/233.0 0/– 7.1/6.7 5.20/– 1.5/0.1 6.4/4.0 7.8/6.1
2 S2/B2 696.0 /90.0 0/– 7.1/7.4 4.23/– 1.3/0.3 5.9/2.1 7.6/3.4
3 S3/B3 705.0/323.0 0/– 6.4/7.0 2.56/– 8.4/0.2 9.5/7.6 8.8/8.0
4 S4/B4 698.0/115.0 0/– 6.5/8.5 2.40/– 6.7/0.2 9.3/5.1 8.4/8.5
5 S5/B5 706.0/115.0 0/– 7.1/8.5 2.21/– 1.4/0.3 6.7/1.2 12.2/11.3
6 S6/B6 883.0/351.0 0/– 6.9/7.6 1.08/– 1.6/0.3 12.2/1.9 14.1/13.3
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ing the FRI technique proposed by [7], which integrate the 
volume beneath EEM spectra. According to [7], normalized 
region-specific EEM volume (Φi, n) and cumulative EEM 
volume (ΦT, n) were calculated as follows:

Φi n iMF I Ex Em dExdEm, ( / )= ∫  

Φ ΦT n i n
i

, ,=
=
∑

1

5

 

where Φi is the volume beneath region “i” of the EEM 
and MFi is the multiplication factor for each region, which 
was equal to the inverse of the fractional projected exci-
tation-emission area [15].

To eliminate the Rayleigh scattering interference [16], 
the intensity values at points where the emission wave-
length was the same as or twice the excitation wavelength, 
as well as those adjacent to them (±20 nm emission wave-
length at the same excitation wavelength), were excised 
from the scan data and the excised values were replaced 
with zero. In addition, this procedure was also applied to 
the data points in EEMs with an emission wavelength (the 
excitation wavelength or) twice the excitation wavelength. 
All data points whose value had been replaced with zero 
were excluded when counting the number of EEM data 
points per region and subsequently calculating projected 
excitation-emission area and MFi [17].

2.5 Statistical analyses

Statistical analyses including mean value, standard 
deviations, and correlation coefficients were performed 
with SPSS 13.0 software. Significance of the correlations in 
the statistics was evaluated using p-values.

3. Results and discussion

3.1 Monthly variations of DOC in river waters

As shown in Fig. 2, the DOC values in river waters were 
relatively high during icebound season, with values of 8.2 
mg/L, 8.7 mg/L, 7.8 mg/L in December, January, and Feb-
ruary, respectively. The DOC values in these three months 
were 6.4~62.9% higher than those in the other nine months. 
The removal efficiency of organic pollutants in sewage treat-
ment plants in winter is lower than other seasons, so that 
the quantity of organic pollutants which enter the urban 
rivers in winter is higher than other seasons [18]. Moreover, 

frozen period and dry season of river occur at the same 
time, leading to the decrease of river flow which weakens 
the dilution of pollutants in rivers [19]. Water temperature 
is low in this season, which directly affects the degradation 
of pollutants by microorganisms [20]. The water surface is 
covered with ice, resulting in the halt of reaeration progre-
cess in river waters, and therefore the DO concentration in 
river waters is at the lowest level [20]. High concentration of 
pollutants, as well as low DO concentration, leads to a bad 
state of river water quality during icebound season.

3.2 DOM-fraction distribution in liquid and ice phase

As shown in Table 2, DOC of unfractionated water 
samples did not gradually decreased along the direction 
of water. Among the six water samples, the highest DOC 
value occurred in S6 (12.2 mg/L), and the relatively low 
DOC values were observed in S1 (6.4 mg/L), S2 (5.9 mg/L) 
and S5 (6.7 mg/L). The DOC values of S3 and S4 were 9.5 
mg/L and 9.3 mg/L, respectively. The sampling points 1 
and 2 were located in the suburbs with less pollution, so 
the DOC values of S1 and S2 was relatively low. The DOC 
values of S3 and S4 were relatively higher, which might be 
attributed to the input of a considerable amount of treated 
or untreated wastewaters. As expected, the DOC value of 
S5 decreased relative to S4. The sewage discharge was not 
found along the river reach from S4 to S5, and the DOC 
decrease was possibly due to the role of adsorption and 
precipitation. The sampling point 6 was located 5 m down-
stream of a sewage outfall, so the DOC value of S6 was 
quite high. Hou and Li [12] investigated the biochemical 
oxygen demand (BOD)-DO dynamics for rivers in northern 
China during icebound season. They found that BOD val-
ues decreased along the Tumen River, and believed that the 
BOD attenuation might be mainly attibuted to the precipi-
tation of oxygen consumption substances.

As shown in Fig. 3a and Table 2, except for HPO-A and 
HPO-N which slightly increased along the river reach from 
S3 to S4, HPO-A, HPO-N, TPI-A and TPI-N in liquid phase 
followed the pattern of the bulk DOM along the North 
Canal; DOC decreased significantly along the river reaches 
from S1 to S2 and from S3 to S5, whereas there were obvi-
ous DOC increases observed along the river reaches from 
S2 to S3 and from S5 to S6 due to sewage discharge. On the 
other hand, the DOC values of HPI in liquid phase were in 
the range of 0.2~0.3 mg/L, showing smaller extent of DOC 
variation along the North Canal. For HPI, there were not 
obvious DOC increases found along the river reaches from 
S2 to S3 and from S5 to S6, suggesting low content of this 
fraction in wastewaters discharged in these river reaches. 

As shown in Fig. 3b and Table 2, except for HPI which 
increased along the river reach from S1 to S2, the variation 
trend of the bulk DOM as well as of all the five fractions in 
ice phase was the same with that of the bulk DOM in liquid 
phase. The results was consistent with those obtained from 
our previous study investigating the partitioning behavior 
of DOM in liquid and ice phases during the freezing pro-
cesses of water by means of indoor simulation experiments 
[21]. It was found in our study that the concentration of 
DOM in feed water significantly affected the partitioning 
of DOM in liquid and ice phases during freezing processes 
of water; the higher the DOM concentration in feed water, 
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Fig. 2. Monthly variations of DOC in the North Canal waters.
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the more DOM was incorporated in the ice formed during 
freezing [21].

As shown in Table 2, the bulk DOC in ice phase was 
0.2~0.8 times that in liquid phase. The results agreed with a 
long known fact that when water freezes up, the ice contains 
less impurity than the water from which it is formed. This 
is because when ice is crystallized, the crystal is built up 
by pure water leaving the foreign bodies in the remaining 
liquid phase [22]. As shown in Fig. 3, except for DOC value 
of HPO-N in liquid phase lower than that in ice phase at the 
sampling point 1, the DOC values of HPO-A,HPO-N, TPI-A 
and TPI-N in liquid phase were all higher than those in ice 
phase at each sampling point. For example, the DOC values 
of HPO-A in liquid phase were 1.9~20.3 times higher than 
those in ice phase. On the other hand, HPI did not show an 
obvious distribution trend between liquid and ice phases. 
At the sampling point 4, the DOC value of HPI in ice phase 
was higher than that in liquid phase, while at the sampling 
points 1, 2, and 6, it was just the opposite. As shown in Fig. 
3(a), the two hydrophobic fractions, i.e., HPO-A and HPO-
N, alone constituted as much as 49.5%~69.5% of the total 
DOC (the sum of DOC for the five fractions) in liquid phase, 
indicating that the DOM in river waters was dominated by 
hydrophobic compounds. Among the five fractions in liq-
uid phase, the DOC value of HPO-A was the highest with 
the range of 1.9~4.8 mg/L, comprising 29.0%~43.0% of the 
total DOC. On the contrary, the DOC value of HPI was the 
lowest, accounting for 1.2%~3.8%. The DOM-fraction distri-
bution in ice phase was consistent with that in liquid phase 
(Fig. 3). Although HPO-A also ranked first in ice phase, its 
proportion decreased to 12.2%~37.0%. The contribution 
of HPI to the total DOC was still the lowest in ice phase. 
However, it increased to 2.5%~11.2%. The results indicated 
that DOM fractions differed in the partitioning behavior in 
liquid and ice phases during freezing processes of water, 
which was mainly attributed to their different physical/
chemical properties, e.g., polarity, and molecular weight, 
etc. The five DOM fractions in this study were fractionated 
based on adsorption affinity for XAD-8 and XAD-4 resins, 
and the polarity of DOM fractions can be ranked as follows: 

hydrophobic fractions > transphilic fractions > HPI [23–25]. 
Polar molecules commonly have stronger affinity for water 
molecules thus making it more difficult to be rejected from 
the ice phase when the water freezes up, as compared with 
non-polar molecules [26]. According to Hua and Reckhow 
[25], HPO-A mainly consists of humic acid and fulvic acid 
generally with high molecular weight, whereas HPI is pri-
marily comprised of carbohydrates, proteins, amino acids, 
and uronic acids, which are commonly characterized by 
low molecular weight. It is considered that the size of the 
impurities could affect their ability to integrate into the 
ice phase; the impurities with smaller size might be more 
easily incorporated into the ice structure in the freeze con-
centration than those with larger size [27–29]. Hence, the 
increased relative contents of HPI in DOM in ice phase rela-
tive to those in liquid phase might be attributed to its higher 
polarity and lower molecular weight in comparison with 
the other four fractions. On the other hand, the low polarity 
and high molecular weight of HPO-A might be responsible 
for its decreased relative contents in DOM in ice phase rela-
tive to those in liquid phase.

3.3 UV254 and SUVA of DOM fractions in liquid and ice phase

UV254 is absorbance of ultraviolet light at 254 nm, which 
was mainly caused by electron-rich sites, such as aro-
matic functional groups and double-bonded C groups, in 
the DOM molecule [30]. As shown in Fig. 4a, among five 
fractions, UV254 for HPO-A was the highest in liquid phase 
(3.9~11.0 m–1), and TPI-A ranked second (0.6~5.4 m–1). These 
two fractions alone constituted as much as 89.2%~97.0% 
of the total UV254 (the sum of UV254 for the five fractions). 
UV254 for neutral fractions (HPO-N and TPI-N) were rela-
tively low, only accounting for 1.6%~5.0% of the total UV254. 
HPO-A and TPI-A in ice phase also exhibited relatively 
high UV254 values, in the range of 0.6~9.7 m–1 and 0.5~7.3 
m–1, respectively (Fig. 4b). The sum of their contributions to 
the total UV254 in ice phase was 66.9%~95.2%, slightly lower 
than that in liquid phase. On the contrary, the contribution 
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Fig. 3. DOC concentrations for DOM fractions in water (a) and ice (b) samples in the North Canal during icebound season.
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of HPO-N, TPI-N and HPI to the total UV254 in ice phase was 
higher than that in liquid phase. It was also noticed that 
UV254 for HPO-A in liquid phase was about 1.1~11.7 times 
that in ice phase, suggesting that conjugated double bond 
and/or benzene ring structure in HPO-A was more easily 
to be concentrated in liquid phase, as compared with the 
bulk HPO-A. As shown in Table 2, the variation trend of 
UV254 along the direction of water was inconsistent with that 
of DOC in both liquid and ice phases. For example, in both 
liquid and ice phases, DOC significantly decreased whiles 
UV254 significantly increased, along the river reach from S4 
to S5, which implied high relative contents of organics with 
conjugated double bond or benzene structures at the sam-
pling point 5.

SUVA reflects the relative aromaticity of organics [3]. 
As shown in Fig. 4, except for S5 and S6 in which SUVA 
for TPI-A was the highest among the five fractions, SUVA 
for HPO-A was higher than that for other fractions in all 
samples, while SUVA for the two neutral fractions were the 
lowest in all samples. These results suggested that, among 
five fractions, HPO-A generally had relatively high content 
of organics containing conjugated double bond or benzene 
structures whereas neutral fractions exhibited low aroma-
ticity. Except for the sample point 3, SUVA for acidic frac-
tions, i.e., HPO-A and TPI-A, in ice phase was higher than 
that in liquid phase at each sampling point. The results sug-
gested that those materials with high aromaticity in HPO-A 
and TPI-A were more likely to enter ice phase during the 
freezing processes of water. 

3.4. Fluorescence spectra of DOM fractions in liquid and ice 
phase

EEM spectra for DOM fractions in liquid phase at all 
sampling points were shown in Fig. 5. In the fluorescence 
spectra of HPO-A and TPI-A at each sampling point, the 
aromatic protein-like peak II, as well as humic and fulvic 
acid-like peaks were observed. The fluorescence spectra 
of HPO-N and TPI-N in S1~S6 showed the aromatic pro-
tein-like fluorescence peak II. HPI at each sampling point 
exhibited the humic and fulvic acid-like fluorescence peaks.

EEM spectra for DOM fractions in ice phase at each sam-
pling point were shown in Fig. 6. The fulvic and humic acid-
like peaks were obviously found in the spectrum of HPO-A 
at each sampling point. The specra of HPO-N, TPI-N and 
HPI in B1~B6 had the aromatic protein-like fluorescence 
peak II. The aromatic protein-like fluorescence peak II, and 
fulvic and humic acid-like peaks, were observed in the 
spectra of TPI-A at all sampling points.

Since each sample was diluted to same DOC concentra-
tion when fluorescence spectra were obtained, all Φi, n and 
ΦT, n values, shown in Figs. 7 and 8, were obtained by mul-
tiplying DOC by the fluorescence intensity calculated from 
FRI, representing the amount of fluorescent materials. This 
study plused Φaromatic protein-like I and Φaromatic protein-like II to represent 
the cumulative aromatic protein-like fluorescence, with Φaro-

matic protein-like.
As shown in Fig. 7, Φaromatic protein-like made the greatest 

contribution to ΦT, n, accounting for about 79.5%~84.8% 
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while its Φaromatic protein-like > Φfulvic acid-like > ΦSMP-like > Φhumic acid-like and 
ΦT, n values only decreased by 10.0%, 10.9%, 9.1%, 8.0% and 
10.1%, respectively. In addition, Φi, n of each fraction in liq-
uid phase did not follow the same variation trend along the 
direction of water. These results implied that the degrada-
tion mechnisms for fluorescent materials might be different 
from those for non-fluorescent compounds, and the degra-
dation mechnisms for different typies of fluorescent materi-
als might be different from each other.

As shown in Fig. 8, the Φi, n values of DOM fractions in 
each ice sample could be ranked as follows: Φaromatic protein-like  > 
ΦSMP-like > Φfulvic acid-like > Φhumic acid-like. Among Φi, n, Φaromatic protein-like 
still made the greatest contribution to ΦT, n, accounting for 
about 79.9%~85.9% of ΦT, n. The variation trend of Φi, n of 
DOM fractions in ice phase along the direction of water was 
similar to that in liquid phase. However, it was inconsistent 
with that of DOC. For example, Φaromatic protein-like of HPO-A in 
B1 was 1.2 times that in S1, while DOC of HPO-A in B1 was 
0.4 times that in S1. This might be attributed the differences 
between water/ice partitioning properties of fluorescent 
materials and non-fluorescent compounds.

of ΦT,n. Then Φhumic acid-like ranked second, and Φfulvic acid-like and 
ΦSMP-like made the lowest. It was reported that the excitation 
wavelength of protein-like fluorescent materials is in the 
ultraviolet range, with high photon yield. Thus, their flu-
orescence are easy to be detected, and the intensity is rel-
atively high [31]. Baker and Inverarity [32] believed that 
protein-like fluorescent materials in the natural water were 
mainly originated from residues of microorganisms and 
phytoplankton as well as extracellular enzymes secreted by 
microorganisms. And the low temperature and DO in water 
during icebound season made the life activities of micro-
organisms and phytoplankton to be restrained, thus inhib-
iting the degradation of protein-like fluorescent materials. 
As a result, Φaromatic protein-like exhibited higher values than the 
other Φi, n values. It was also found that ΦSMP-like and Φhumic 

acid-like values of HPO-A and TPI-A were relatively high, while 
those of HPO-N and TPI-N were relatively low. Along the 
direction of water, for each fraction, the variation extent of 
Φi, n and ΦT, n was not consistent with that of DOC in liq-
uid phase. For example, from the sampling point 1 to 2, the 
DOC value of HPO-A in liquid phase decreased by 31.0%, 
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Fig. 5. EEM spectra for DOM fractions in water samples in the North Canal during icebound season.
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3.5. THMFP of DOM fractions in liquid and ice phase

THMFP is often the term employed to indicate the 
amount of THMs that could be produced during the chlo-
rination process, and could indirectly represent the amount 
of THM precursors in water samples. Because THMFP is 
dependent upon DOC concentration, the reactivity of DOC 
is also reported in terms of specific THMFP (STHMFP), that 
is, micrograms of THMFP formed per milligram of DOC 
precursor material in the water [33].

As shown in Fig. 9, HPO-A, HPO-N and TPI-N showed 
relatively high THMFP values in liquid phase, and they 
collectively accounted for 79.5%~93.4% of the total THMFP 
(the sum of THMFP for five fractions). On the other hand, 
HPI had the lowest THMFP values in liquid phase, only 
accounting for 0.5%~3.1% of the total THMFP. These results 
suggested that HPO-A, HPO-N and TPI-N were the main of 
THM precursors. The contributions of HPO-A, HPO-N and 
TPI-N to THMFP in ice phase were still high, but the sum 
of their contributions decreased to 67.1%~90.8%. THMFP of 
HPI was still relatively low in ice phase, but its contribution 

to the total THMFP increased to 4.6%~23.0%. As shown in 
Fig. 9 (d), STHMFP of HPI in ice phase was higher than that 
of the other four fractions, which suggested that HPI had 
higher chlorine reactivity to produce THMs. However, DOC 
of HPI in ice phase was quite low. As a result, its THMFP 
was lower than that of the other fractions. THMFP of HPO-
A, TPI-A, HPO-N and TPI-N in liquid phase was 2.5~11.5 
times, 1.1~4.5 times, 1.1 ~7.5 times and 1.7~5.1 times that in 
ice phase, respectively. On the contrary, THMFP of HPI in 
liquid phase was lower than that in ice phase.

It was reported that SUVA could reflect the haloge-
nated activity of organic matter [3]. However, SUVA was 
found not to be a good surrogate parameter for monitoring 
THMFP in this study. For example, HPI exhibited the high-
est STHMFP value in ice phase, while its SUVA value was 
generally lower than that of HPO-A and TPI-A. In addition, 
no linear relationship was found between THMFP of DOM 
fractions and their Φi, n/ΦT, n values in both liquid and ice 
phases (R2 = 0~0.57, p < 0.01).
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Fig. 6. EEM spectra for DOM fractions in ice samples in the North Canal during icebound season.
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Fig. 7. Φi, n and ΦT, n for DOM fractions in water samples in the North Canal during icebound season.
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Fig. 9. THMFP (a) and STHMFP (b) for DOM fractions in water samples, and THMFP (c) and STHMFP (d) for DOM fractions in ice 
samples in the North Canal during icebound season.

4. Conclusions

1. The concentration of DOM in ice phase was 0.2~0.8 
times that in liquid phase. In each sampling point, 
DOC values of HPO-A, TPI-A and TPI-N in liquid 
phase were higher than those in ice phase.

2. The sum of UV254 of HPO-A and TPI-A accounted for 
89.2%~97.0% and 66.9%~95.2% of the total UV254 in 
liquid and ice phase, respectively.

3. The variation trend of Φi, n of DOM fractions in ice 
phase along the direction of water was similar to that 
in liquid phase. However, it was inconsistent with 
that of DOC.

4. THMFP of HPO-A, HPO-N and TPI-N in both liq-
uid and ice phases was relatively higher while that 
of TPI-A and HPI was relatively lower. THMFP of 
HPO-A, TPI-A, HPO-N and TPI-N in liquid phase 
was 2.5~11.5 times, 1.1~4.5 times, 1.1 ~7.5 times and 
1.7~5.1 times that in ice phase, respectively. On the 
contrary, THMFP of HPI in liquid phase was lower 
than that in ice phase.
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