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analysis and a two end-member mixing model were employed to characterize the composition and removal process of the effluent DOM (EfOM) from the WWTP. The results showed
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(DOC) removal rate of 88% and dissolved organic nitrogen (DON) removal rate of 91%. Fur-
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ther analysis demonstrated that the EfOM consisted mainly of two protein moieties and
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two humic-like groups; protein moieties (76%) constituted the main content of EfOM in raw

PARAFAC analysis

water and humic-like groups (57%) became the dominating contributor after treatment. The
EfOM from the WWTP was mainly of aquatic bacterial origin and evolved to a higher proportion of terrigenous origin with higher humification in the TF-SSF-CW effluent. A common
controlling treatment-related factor for determining the concentrations of the same kind
of substances (protein groups or humic-like groups) was revealed to exist, and the ratio of
removal rates between the same substances in treatment was calculated. Our study demonstrates that the TF-SSF-CW can be a novel and effective treatment method for the EfOM from
WWTPs, and is helpful for understanding of the character of EfOM in wetland treatment.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Wastewater treatment plants (WWTPs) discharge a large variety of organic pollutants into receiving water body, which
seriously threat the health of aquatic ecosystems, particu∗

larly to rivers and lakes dominated by their effluents. Because a substantial part of inorganic contaminants in sewage
can be treated efficiently by WWTPs, dissolved organic matter (DOM) becomes the dominant nutrient source of the effluent. The DOM in effluent, so-called effluent DOM (EfOM),
is a heterogeneous mixture that consists of refractory natural organic matter, soluble microbial products, trace organic contaminants (i.e., pharmaceuticals and pesticides) and
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transformation products during treatment (Chen et al., 2017;
Wang et al., 2019). The discharge of EfOM can cause serious
harm to receiving water bodies and coastal ecosystems. For
example, due to its bioavailability to algae, EfOM is considered
to be one of the main nutrient sources causing water eutrophication (Wang et al., 2019). In addition, EfOM is one of the most
important factors affecting the transformation and toxicity of
heavy metals in water, which poses a serious threat to aquatic
ecosystems and human health (Jiang et al., 2018).
Due to their lower construction cost, easier management,
larger treatment capacity and environment friendliness, constructed wetlands (CWs) have been commonly applied to
the advanced treatment of WWTPs effluent for many years
(Batty and Younger, 2004; Sim et al., 2013; Wang et al., 2020).
Most conventional types of wetlands for advanced treatment
are generally surface flow constructed wetlands, subsurface
flow constructed wetlands (SSF-CWs) or their combinations
(Zhi and Ji, 2012). SSF-CW is the most widely used constructed wetland type in Europe; such systems perform effectively in removing biochemical oxygen demand, suspended
solids, heavy metal and pathogenic organisms (Akratos and
Tsihrintzis, 2007). As the gravel bed is continuously submerged in wastewater, most areas inside SSF-CW are in anoxic
or anaerobic state during long-term operation, which is beneficial to microbial denitrification (Sears et al., 2012). But nutrient removal is generally limited due to lack of dissolved oxygen (DO), which is necessary to aerobic biodegradation and oxidize ammonium (Tanner et al., 2002; Sears et al., 2012; Ju et al.,
2014). Tidal flow constructed wetland (TF-CW) is a technology
that involves a very effective design of oxygen transfer, which
is operated with a continuous cycle of saturation and drainage
to enhance oxygen supply (Tanner et al., 1999; Wu et al., 2011).
In the report by Wu et al. (2011), the average oxygen transfer rate in TF-CW can reach 350 g/(m2 •d) under tidal operation. Accordingly, TF-CW has high efficiency on the organics
removal and nitrification. But denitrifier abundance and activity are inhibited by either high concentration of oxygen or
lack of electronic donors, which leads to an increase of nitrate (NO3 –N) content and unsatisfactory total nitrogen (TN)
removal efficiency in the effluent (Zhao et al., 2004). If TF-CW
and SSF-CW are properly combined, TF-CW improves nitrification and organics removal at first phase, SSF-CW enhances
denitrification and further removes the refractory organics at
second phase, creating the combination of aerobic and anaerobic degradation processes, the nutrients removal efficiency
from wastewater can be greatly improved. However, compared
to those on surface flow or subsurface flow constructed wetlands, few studies on the combination of TF-CW and SSF-CW
have been reported, especially for the DOM degradation process and mechanism in combined TF-CW and SSF-CW system
(TF-SSF-CW).
Excitation emission matrix (EEM) fluorescence spectroscopy is a widely recognized technique for the characterization of DOM in either natural water body or sewage
treatment process (Ishii and Boyer, 2012; Yu et al., 2013;
Chen et al., 2019; Song et al., 2019). Parallel factor (PARAFAC)
analysis (Stedmon et al., 2003), a multiway decomposition
method, enables the mathematical separation of chemically
independent groups of fluorescent components from spectrally overlapping fluorescence components and has provided

a highly effective approach for the analysis of spectral data
in EEMs (Luciani et al., 2009). The combination of EEM and
PARAFAC has been confirmed to be a rapid, selective and sensitive method to characterize and quantify DOM in various
environments, such as lake water and wastewater samples
(Zhao et al., 2018; Song et al., 2019), waste sludge samples
(He and Fan, 2016), and wetlands samples (Sgroi et al., 2018;
Zhou et al., 2019). However, to the best of our knowledge,
most previous studies focused on the assessment of the DOM
removal effect by wetlands and how to improve the treatment efficiency, only few studies investigated the use of EEMPARAFAC to evaluate the dynamics of EfOM with depth and
time variation in wetlands, in order to explain the relationships between removal processes for different EfOM components.
In this study, a novel TF-SSF-CW was developed for the
treatment of EfOM from a WWTP, using the analysis of EEMPARAFAC as an aid. The main objectives are (1) to investigate
the impacts of TF-SSF-CW on the different EfOM components
in the whole treatment process; (2) to determine the evolution
in the origin and humification degree of EfOM in the TF-SSFCW and (3) to explore the common controlling factors and the
relationships between the EfOM components in the removal.

1.

Materials and methods

1.1.
Laboratory-scale design and operation of combined
constructed wetland
The TF-SSF-CW consisted of a TF-CW and a SSF-CW, where
both wetlands were 30 cm long, 30 cm wide, 50 cm high,
and of a 45 L volume with bottom layer (25–50 mm diameter gravel, 12 cm in height), central layer (8–12 mm diameter
gravel, 12 cm in height), upper layer (3–5 mm diameter gravel,
12 cm in height) and soil layer (black soil, 5 cm in height).
Each CW cell was planted with reeds having a mean length
of 67.26 cm. The reeds were planted well in the beginning period (4 weeks before sampling) to provide enough growth time
and adapt to the CW environment (Fig. 1) (Chen et al., 2016).
The influent of the TF-SSF-CW was controlled by a creeping pump. In tidal operation, flooding and draining cycles occurred every 8 hr with a flood/drain time ratio of 4 hr/4 hr, a
batch volume of 20 L in each cycle, and three cycles per day
(Ju et al., 2014). The drainage of TF-CW was stored in a collecting tank and continuously supplied to the SSF-CW with
a flow rate of 42 mL/min for 20 L treatment in 8 hr. In SSFCW, wastewater flowed downward due to the gravity and discharged at bottom drain pipe. The hydraulic loading of each
unit was 0.2 m3 /(m2 •day). The experimental water was taken
from a WWTP in a county of Liaoning Province, China. Details of effluent quality were as follows: the average concentrations of DO, dissolved organic carbon (DOC), TN, NH3 –N and
NO3 –N were 3.59 mg/L, 48.69 mg/L, 35.34 mg/L, 21.62 mg/L and
9.57 mg/L, respectively. The TF-SSF-CW was stably operated
for 10 months at 60 L/day from February 2017, and the hydraulic retention time was about 16 hr during operation. In
the TF-CW and SSF-CW cells, 6 sampling points were installed
from the top to the bottom: points A and D corresponding to
the upper layer; points B and E corresponding to the central
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Fig. 1 – Conceptual diagram of the TF-SSF-CW.

layer; and points C and F corresponding to the bottom layer.
The sampling points were set in the center inside the CWs,
and were horizontally connected to the outside through pipes
which were controlled by valves.

1.2.

Sampling period

In sampling period, nine water samples (influent, S0; the 1, 2
and 3 hr of reaction time of TF-CW respectively, S1, S2, and
S3; TF-CW effluent, S4; point D, E, F of SSF-CW respectively,
S5, S6 and S7; and SSF-CW effluent, S8) were collected once
a week (every Monday), the mixtures of wastewater collected
at points A, B, and C were defined to represent the variation
in contaminants with reaction time (1, 2 and 3 hr) of the TFCW. Each 300 mL water sample was collected and stored in an
amber jar which was precleaned by soaking into 0.1 mol/L HCl
for 24 hr and rinsed 5–6 times with deionized water. pH and
DO were in situ determined immediately after sampling. DOC,
TN, NH3 –N, NO3 –N, total dissolved organic nitrogen (DON) and
EEM spectra were analyzed in the laboratory within 24 hr. Before testing, the collecting water samples were kept in dark at
4 °C and filtered through 0.45 μm membrane filters to remove
suspended particles and bacteria.

1.3.
Characterization and fluorescence analysis of the
water samples
The pH and DO were measured using a portable multiparameter analyzer (HQ30d, Hach Company, Loveland, Co., USA). The
DOC was determined via high temperature catalytic oxidation with a TOC analyzer (multi N/C 2100S, Analytic Jena, Germany). The analysis of TN, NH3 –N and NO3 –N was carried
out according to the standard methods (NEPA, 2002) through
utilizing ultraviolet and visible spectrophotometers (T6 New
Century, Beijing General Instrument Co., Ltd., China). The DON
was calculated by subtracting NO3 –N and NH3 –N from TN in
water samples. All the tests were carried out in triplicates.
Fluorescence EEMs of water samples were obtained using
a fluorescence spectrophotometer (F-7000, Hitachi, Japan) under the room temperature (20±3 °C). EEMs spectra were generated by scanning over emission wavelengths of 260−550 nm
at intervals of 2 nm and excitation wavelengths of 220–
450 nm at intervals of 5 nm, respectively. The slit widths
of excitation and emission were both set at 5 nm. Photomultiplier tube voltage and scanning speed were chosen

as 700 V and 2400 nm/min, respectively. Excitation wavelengths below 240 nm and emission wavelengths below
300 nm were removed due to deteriorating signal-to-noise ratios (Stedmon et al., 2003). The method reported by Yu et al.
(2015) was utilized for correction of inner filter effect in measured fluorescence intensity.

1.4.

PARAFAC analysis and spectral indices

PARAFAC was applied on a set of 360 EEMs for samples S0-S8
in the TF-SSF-CW described above. Several validation methods, such as split-half test, core consistency diagnostic and
residual analysis were employed to identify the number of
fluorescence components (Stedmon and Bro, 2008). The components isolated by PARAFAC represent groups of substances
with similar fluorescence characteristic rather than individual
compounds. The excitation and emission loadings were given
to indicate the characteristics of corresponding PARFAC components. The maximum fluorescence intensity (Fmax ) was utilized to assess the relative concentration of the corresponding
component in each water sample (Sanchez et al., 2013).
Two alternative fluorescence indices, the humification index (HIX) and the biological index (BIX) were proposed for estimating the humification degree and source of EfOM in treatment. HIX is defined as the ratio of the peak area of the emission spectrum in the 435–480 nm quarter to that of the 300–
345 nm quarter at a fixed excitation wavelength of 254 nm
(Birdwell and Engel, 2010). BIX is defined as the ratio of the
emission intensity at 380 to that at 430 nm at a fixed excitation wavelength of 310 nm (Birdwell and Engel, 2010).

1.5.

Two end-member mixing model

Based on molar value of nitrogen/carbon (N/C), the two endmember mixing model has been widely used in the study of
organic matter traceability in soil and water (Perdue and Koprivnjak, 2007; Jiang et al., 2018). In this study, the N/C ratio
of water samples, derived by DON/DOC, was used to access
the allochthonous and autochthonous contributions to EfOM
in the treatment based on the two-member mixing Eq. (1):


N
C




= fauto ×

N
C




auto

+ fallo ×

N
C


(1)
allo

where fauto and fallo are the fractions of autochthonous and allochthonous organic matter, respectively. The ratios (N/C)auto
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Fig. 2 – Variation of (a) DOC and (b) DON concentrations and removals in the TF-SSF-CW.

and (N/C)allo are typical values of the two end-members, obtained from references. In order to analyze the contribution of
endogenous and exogenous fractions, Eq. (1) can be re-written
as follows:
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Statistical analysis

PARAFAC modeling was performed using the DOMFluor v.1.7
Toolbox in MATLAB (Stedmon and Bro, 2008). Statistical analysis was carried out by the software R version 3.5.3 for Windows. General descriptive statistics of box-plot included the
sample minimum, lower quartile, median, upper quartile,
sample maximum and outliers. Correlations between the various EfOM components were performed with Pearson’s correlation test.

2.

Results and discussion

2.1.

Removal of DOC and DON

DOC and DON are two important components of DOM. During ten months of monitoring, significant removals of DOC
and DON in the TF-SSF-CW were observed with the average
removal rates of 88% and 91%, respectively, as indicated in
Fig. 2 and Appendix A Table S1. The TF-SSF-CW showed better performance for the removal of DOC and DON than that
of normal surface flow or subsurface flow constructed wetlands reported in references (Sears et al., 2012; Wu et al., 2017;
Sgroi et al., 2018; Sardana et al., 2019). For example, in the
study by Sardana et al. (2019), the DOC removal rate of a multistage surface flow wetland was 71–76%, and the DON removal
rate was nearly 80%. A similar variation tendency of DOC and
DON occurred during the treatment, the maximum removal
efficiency of DOC (average 74%) and DON (average 78%) was
observed in the TF-CW. This observation might be attributed

to sufficient oxygen supply to the TF-CW (Appendix A Fig. S1),
which allowed for enhanced metabolic activity, promoting the
decomposition of organic compounds. But due to the weak
denitrification, it also led to an increase of average NO3 –N
concentration by nearly 40% in the TF-CW effluent (Appendix
A Table S1). In comparison, the removal of DOC and DON in
the SSF-CW increased by just 14% and 13% on average, while
NO3 –N was removed in large quantities, contributing to the
final removal by the TF-SSF-CW reaching an average of 63%
(Appendix A Table S1). It could be found that denitrification
played a key role in NO3 –N removal of SSF-CW. Additionally,
anaerobic bacteria in SSF-CW were effective for the degradation of refractory organic matter (Chang et al., 2013), which
was difficult to degrade in the TF-CW, promoting the removal
of DOC and DON.

2.2.

EfOM fractions in raw and treated wastewaters

To obtain more details of the EfOM characterization in treatment, the PARAFAC analysis was applied to all 360 EEMs
of EfOM collected at water sample data set of S0-S8. The
EEM spectra were discomposed into four components according to the residual analysis, core consistency diagnostic
and split half analysis results. Contour plots and the excitation and emission loadings of the four components were
shown in Fig. 3. Component 1 (C1) showed excitation and
emission maxima at 208 nm and 305 nm, respectively. This
component was categorized as a tyrosine fluorophore (Yu
et al., 2015; Xie et al., 2018). Component 2 (C2) was composed of two excitation maximas at 242 and 284 nm and one
emission maximum at 447 nm. Following previous literature
(Stedmon et al., 2005; Kowalczuk et al., 2009; Nancy et al.,
2014), this component was identified as a humic-like fluorophore of terrestrial/allochthonous origin. Component 3 (C3)
exhibited an excitation maximum at 225 nm and an emission
maximum at 413 nm. This spectral feature usually belongs
to the humic-like fluorophore commonly present in freshwater environment (Kowalczuk et al., 2009; Murphy et al., 2011;
Guo et al., 2014). Component 4 (C4) displayed an excitation
maximum at 228 nm and an emission peak at 342 nm, resembling tryptophan-like structures (Xie et al., 2018; Yuan et al.,
2019). Similar protein-like components (tyrosine and tryptophan) and humic acid-like components (fulvic acid and
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Fig. 3 – Contour plots and excitation (blue curves) and emission (red curves) spectra of the four components derived from
PARAFAC analysis of all water samples EEMs.

176

journal of environmental sciences 106 (2021) 171–181

Fig. 4 – Variation of EfOM components (a) C1, C4 and (b) C2, C3 in the treatment process (S0-S8).

humic acid) have been found in wastewater treatment systems (Sanchez et al., 2013; Yu et al., 2013).
The removal efficiency of EfOM fractions was examined by
measuring a reduction in the Fmax of components. Fig. 4 shows
the average Fmax values of PARAFAC-derived components in
each reaction period during the ten-month monitoring. Components C1 and C4 made a dominant contribution (76%) to
the total Fmax in the raw water, while the contribution was
reduced to 43% in the SSF-CW effluent. This result revealed
that proteins constituted the largest fractions of organic matter in the WWTP effluent, which was a significant source of
organic N released into receiving waters (Stefanakis et al.,
2019). It was observed that after treatment by the TF-SSFCW, 89% of C1 and 91% of C4 were removed (Fig. 4a), while
the removals of C2 and C3 were 62% and 55%, respectively
(Fig. 4b). The removal efficiency of protein components (C1,
C4) was significantly higher than those of humic-like components (C2, C3), this was attributed to the stable molecular
structure of C2 and C3 as humus, which were not easily degraded by microorganisms and were mainly removed by adsorption of stuffing (Rajapaksha et al., 2019). The content variation of components C1, C4, C2, and C3 indicated an overall transition from the typical spectrum of WWTPs effluent
with a high protein-like signature to a spectrum characteristic of a growing trend of humic substances after treatment
(Wei et al., 2009; Wang et al., 2019). In the SSF-CW, the removal
rate of C3 was obviously lower than that of C2, because some
macromolecular and refractory substances could be decomposed into small molecules by microorganisms in anoxic and
anaerobic environment, and part of them were synthesized
into endogenous humus (Chang et al., 2013; Ewa, 2018).

2.3.
Evolution of humification degree and source of EfOM
during treatment
Spectral indices HIX and BIX are effective approaches to characterize DOM in a variety of environments, many researchers
have used these two indices to interpret DOM in pristine and
human activities impacted water (Huguet et al., 2009; Bai et al.,
2019). According to the study by Huguet et al. (2009), the
HIX values could be classified into four levels, namely, 16–10,
10–6, 6–4, and 4–0, corresponding to a strong humic character/important terrigenous contribution, an important humic

character and weak recent autochthonous component, a weak
humic character and important recent autochthonous component, and an aquatic bacterial origin, respectively. The BIX
ranges could be classified into 0.4–0.7, 0.7–0.8, 0.8–1, and 1–1.3,
which were related to a low autochthonous origin, intermediate autochthonous origin, strong autochthonous origin and
aquatic bacterial origin, respectively (Huguet et al., 2009).
DOM from different sources can have various HIX and BIX
characters. The combined use of HIX and BIX could express
the origin, humification degree, and even the transformation
of DOM. In order to understand and test their effectiveness
and feasibility, we investigated the HIX and BIX characters of
DOM from four different water sources (Fig. 5a). As reported
by Yang et al. (2012), seawater was characterized with low
HIX values (0.53–2.06) and a wide range of BIX values (0.4–
3.0). This indicated that the DOM in seawater was mainly autochthonous of biological or bacterial origin. The BIX and HIX
values of EfOM from WWTPs were identified in the range of
0.87–1.03 and 2.62–3.93, respectively (Wang et al., 2019), also
showing a strong aquatic bacterial origin (Fig. 5a). This result
was mainly attributable to a large number of new substances
of bacterial origin produced by microbial activities in the
sewage treatment process. However, compared to that in seawater, the humification degree of EfOM was notably increased.
In that report, an urban river accommodated the WWTPs effluent, and the DOM of this urban river exhibited higher HIX
values (3.17–4.61) than those from the WWTPs (Fig. 5a), which
demonstrated that the protein-like fractions and soluble microbial byproduct-like fractions of DOM could be decomposed
by photobleaching and biodegradation (Simsek et al., 2013), resulting in an increased degree of riverine DOM humification. A
recent study found that the DOM from stormwater wetlands
exhibited a low degree of humification, with HIX and BIX values ranging from 0.91 to 0.95 and 0.41 to 0.64, respectively,
showing similar characteristics to those in seawater (Fig. 5a)
(Huang et al., 2018). These results demonstrated the feasibility of HIX and BIX to characterize DOM of different sources
and humification degrees.
The HIX and BIX values of EfOM in water samples collected
in the TF-SSF-CW during the ten-month period are shown in
Fig. 5b and Fig. 5c. It could be found that the HIX and BIX values
of EfOM from the raw water in the present study were similar to those from WWTPs effluent reported by Wang et al.
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Fig. 5 – (a) Scatter-plot of HIX and BIX values of DOM with various sources; (b) HIX values of DOM in the TF-SSF-CW with
reaction period; (c) BIX values of DOM in the TF-SSF-CW with reaction period; (d) Correlation between HIX and the
proportion of PARAFAC components (C2+C3)/(C1+C4).

(2019), but the HIX and BIX values of EfOM in the TF-SSFCW showed a great difference to the DOM from stormwater
wetlands reported by Huang et al. (2018), this was caused by
the very strong distinction in the quantity and composition
of DOM between the wetland inflows rainwater and sewage.
During treatment, the HIX of EfOM presented a growth trend
while the BIX of EfOM showed a declining trend, which was
related to the effective removal of protein-like fractions and
lower removal efficiency of humic-like fractions with the TFSSF-CW. After treatment, the HIX values of EfOM rose from
3.77 to 5.78, the BIX values of EfOM fell from 1.06 to 0.74, suggesting that the EfOM in raw water was mainly aquatic bacterial origin and evolved into a higher proportion of terrigenous origin with higher humic character in TF-SSF-CW effluent (Huguet et al., 2009). Moreover, it was observed that there
was more rapid variation of EfOM in the TF-CW than in the
SSF-CW. This finding might be related to the microbial community in various types of wetlands. In the TF-CW, aerobic microorganisms decompose nutrients fast and completely transform them into the final products (such as CO2 , H2 , NO3 –N, and
PO4 3− ) with high stability and little energy. During the decomposition process, the majority of nutrients are used for cell
synthesis and proliferation, and few soluble microbial products are produced (Zeng et al., 2010). However, in the SSFCW, facultative anaerobic bacteria decompose EfOM incompletely and metabolize it slowly. In this case, a large propor-

tion of nutrients are used for decomposition, producing soluble and macromolecular microbial products (such as amino
acids, atty acids and polysaccharides) (Zeng et al., 2010). In
addition, the most easily degradable organic matter was removed by the TF-CW in the first process, and the remaining
EfOM in the SSF-CW contained a high proportion of refractory
organic matter. These reasons led to the faster growth rates of
HIX values and decline rates of BIX values of EfOM in the TFCW than those in the SSF-CW. Further linear regression analysis showed that the composition and quality of EfOM were
markedly changed during the treatment process (Fig. 5d), the
ratio of (C2+C3)/(C1+C4) obviously increased with the reaction process and exhibited a significant positive correlation
(R2 =0.76, P < 0.05) with HIX. This revealed that the ratio of
humic-like to protein-like fractions could reflect the humification degree of EfOM during different periods in the TF-SSFCW.
In previous studies, another method was proposed in
which the N/C ratio could be used to evaluate the contribution of allochthonous DOM sources to aquatic environments
(Perdue and Koprivnjak, 2007; Jiang et al., 2018). Here, we tried
to use this method to evaluate the evolution of autochthonous
and allochthonous sources of EfOM in the TF-SSF-CW. Based
on the study of Perdue and Koprivnjak (2007), the typical N/C
molar ratio values of 0.1 and 0.02 for autochthonous and allochthonous DOM were used in this study. As shown in Fig. 6,
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Table 1 – Association between PARAFAC components in raw and treated water samples collected from the TF-SSF-CW.
Data set

Cx

Cy

r (correlation analysis
based on Fmax )a

Slope K/K
(Eq. (6))

intercept log
(C/C) (Eq. (6))

R2 (Eq. (6))

Numbers of
samples

Raw
water

C2
C1
C1
C2
C3
C1

C4
C2
C4
C3
C4
C3

0.424
0.470
0.769
0.732
0.327
0.393

1.183
1.347
1.051
1.162
0.826
0.605

−0.530
−1.578
−0.440
−0.809
0.761
1.576

0.309
0.373
0.775
0.682
0.257
0.383

37
34
36
37
38
35

Effluent

C2
C1
C1
C2
C3
C1

C4
C2
C4
C3
C4
C3

0.365
0.448
0.855
0.838
0.382
0.426

0.835
1.074
0.949
1.242
1.218
1.012

0.673
1.154
0.606
−1.322
−1.107
0.163

0.561
0.614
0.946
0.875
0.464
0.587

35
36
36
37
37
36

a

Pearson correlation coefficient. Correlation is significant at the 0.01 level.
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Fig. 6 – Two end-member contributions from allochthonous
and autochthonous organic matter to EfOM of water
samples in the TF-SSF-CW.

and C1-C4 > C2-C3 > C1-C2 > C1-C3 > C3-C4 > C2-C4 in the TFSSF-CW effluent. A higher correlation was observed between
components within the same type of substances (e.g., C1-C4
or C2-C3). Moreover, the linear relationships between C1-C4
and C2-C3 were obviously improved after treatment, with correlation coefficients varying from 0.77 to 0.86 between protein
components C1 and C4 and increasing from 0.73 to 0.84 between humic-like components C2 and C3.
According to the method presented by Stedmon and Markager (2005), this linear increase in concentrations of the two
protein components C1-C4 or the two humic-like components
C2-C3 revealed that the removal of the same kind of components in TF-SSF-CW was controlled by a common exponential treatment-related factor. The concentrations of the
same kind of components could be modeled by Eq. (4) and
Eq. (5) (Stedmon and Markager, 2005).
Cx = Cx0 eKx D

(4)

Cy = Cy0 eKy D

(5)

the mixture of autochthonous and allochthonous origin of
EfOM displayed a good consistency in the treatment process.
The trend was that the EfOM from raw water had the lowest terrestrial source contribution (18%), followed by the TFCW (21%–32%) and the SSF-CW showed the highest terrestrial
source contribution (38%–46%). This trend was in agreement
with the reported BIX. Furthermore, the two end-member
mixing model results were in accordance with the PARAFAC
results in which the different components of EfOM had different removal efficiencies in the TF-SSF-CW.

where Cx and Cy are the concentrations of same kind of
components x and y during treatment, D is the common
treatment-related factor, Kx , Ky are the removal rates of Cx and
Cy due to D, and Cx0 , Cy0 refer to the initial concentrations of
components x and y.
As D is a common factor to Cx and Cy , the relationship
between Cx and Cy could be written by Eq. (6) (Stedmon and
Markager, 2005).

2.4.

In the present study, since Fmax is the surrogate of the concentration of EfOM components, the linear relationship between the logarithms of Fmax of same kind of components in
treatment can be obtained by Eq. (6). The slope (Ky /Kx ) of the
regression represents the ratio of removal rates of same kind
of components with respect to D. The intercept is the logarithm of the concentration ratio of the same kind of components in the raw water before treatment. In the research of

Covariability of EfOM components in treatment

The concentrations and removal rates of EfOM components
had different variation tendencies in the TF-SSF-CW. The linear regression results between the Fmax levels of four EfOM
components before and after treatment are presented in
Table 1. The Pearson correlation coefficients showed the trend
C1-C4 > C2-C3 > C1-C2 > C2-C4 > C1-C3 > C3-C4 in raw water


log Cy = log

Cy0
Cx0


+

Ky
(log Cx )
Kx

(6)
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Stedmon and Markager (2005), the variation in concentrations
of DOM fractions in freshwater and estuarine environments
was associated with the common controlling factor temperature. The D value in this study was supposed to be a key
treatment-related factor (i.e., microbial metabolism ability or
adsorption capacity), whose effect is the removal of the EfOM
components resulting in the decrease of their concentrations.
Previous studies have shown that microbial degradation is
the major mechanism for the removal of proteins, while substrate adsorption is the major mechanism for the removal of
humic-like substances (Nancy et al., 2014; Wang et al., 2019).
Accordingly, in this study, the common treatment-related factors D of the protein components (C1, C4) and humic-like components (C2, C3) are attributed to microbial metabolism and
adsorption capacity, respectively. On this basis, KC1 and KC4
can be considered as the removal rates of C1 and C4 associated
with the degradation by microbial metabolism, KC2 and KC3
can be regarded as the removal rates of C2 and C3 related to
adsorption capacity. After treatment with the TF-SSF-CW, the
ratio of KC1 /KC4 varied from 1.051 to 1.153, indicating that the
susceptibility to microbial degradation of C1 was 10% higher
than the degree of susceptibility to microbial degradation exhibited by C4 during treatment. The KC2 /KC3 ratio varied from
1.162 to 1.242, which indicated that the adsorption capacity of
C2 during treatment was 8% higher than that of C3. This result was in general consistent with the removal performance
observed in the EfOM component monitoring analysis (Fig. 4).
At the same time, the linear relationship between protein
and humic-like components was also analyzed, lower coefficients of determination (R2 ) were found for C1-C2, C1-C3, C2C4, and C3-C4 (Table 1), and no substantial increasing trends
of the correlation coefficients were found after treatment, suggesting that different critical treatment-related factors had
substantial different effects on the removal of protein and
humic-like fractions. This result was in good agreement with
recent studies on the removal of DOM by physicochemical or
biochemical processes (Baghoth et al., 2011; Sanchez et al.,
2013; Nancy et al., 2014).

3.

Conclusion

In the present study, a novel TF-SSF-CW was developed for the
treatment of EfOM from a WWTP over ten months of monitoring. The results demonstrated that the TF-SSF-CW had an excellent removal effect on EfOM. The PARAFAC results showed
that the TF-SSF-CW had higher removal rates of protein components than humic components. Further analysis of spectral indices HIX and BIX revealed that the EfOM produced by
the WWTP originated mainly from an aquatic bacterial source,
and after treatment by the TF-SSF-CW, it evolved into a higher
proportion of terrigenous origin with higher humification.
This result was in good agreement with the calculations of a
two end-members mixing model based on N/C ratio. Our results highlighted that a significant increase in the linear relationship within the same substances (i.e., protein components
C1 and C4, humic components C2 and C3) was observed after
treatment with the TF-SSF-CW. This indicated that a common
treatment-related factor existed and controlled the variation
of protein components C1 and C4 and similarly the variation

179

of humic components. On this basis, the ratio of the removal
rates of the same substances could be further calculated. This
study also demonstrated that PARAFAC could evaluate the
evolution of quantity and humification degree of EfOM, the
ratio of humic-like to protein-like fractions (C2+C3)/(C1+C4)
could be used to reveal the humification degree of EfOM during
treatment. Further studies on microbial community composition, adsorptive capacity of solid substrates and degradation
characteristics of soluble microbial products will be helpful to
understand the EfOM removal process in the TF-SSF-CW.
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