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a b s t r a c t
Hyperthermophilic composting has been demonstrated to overcome the disadvantages of conventional
composting in products with better quality. However, the complexation of heavy metals to hyperthermophilic
compost (HTC)-derived HA remains unclear. In the present work, using Cu(II) as the representative heavy
metal, we investigated the binding process of Cu(II) to HAs derived from HTC, thermophilic compost (TC), and
sewage sludge (SS). The complexation ability of three HAs was analyzed by the method of parallel factor
(PARAFAC) coupled with hetero two-dimensional correlation spectroscopy (hetero-2DCOS) analyses. Results
showed that HTC-derived HA has the greater complexation ability (log KM = 5.68, CCM = 1.21) than both TCderived HA (log KM = 5.27, CCM = 0.94) and SS-derived HA (log KM = 5.19, CCM = 0.586), likely due to the
higher humiﬁcation degree, as well as the faster response of carboxyl and phenols to Cu(II) binding with HTCderived HA. This study demonstrated that the utilization of HTC might provide an effective approach for remediation of Cu(II)-polluted soils. Moreover, PARAFAC analysis integrated with hetero-2DCOS offers a unique insight
into understanding the correlation between HAs fractions and functional groups during the Cu(II) binding
process.
© 2018 Elsevier B.V. All rights reserved.
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Since land application of sewage sludge becomes a promising waste
utilization and disposal practice, it has been concerned as a potential
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pathway of pollutants emission, in which the pollution of heavy metals
in sewage sludge is one of the most important environmental issues
(Mulchandani and Westerhoff, 2016; Yang et al., 2015). However, on
the other hand, sewage sludge contains abundant dissolved organic
matter (DOM) that is capable of directly participating the complexation
process of heavy metals, consequently alleviate the pollution of heavy
metals in soils (He et al., 2015; He et al., 2014a; He et al., 2014b; Wu
et al., 2011). The complexation ability of DOMs with heavy metals is
highly dependent on the structure and composition of DOMs. Humiclike substances have been demonstrated to exhibit better complexation
ability than protein-like fractions (Huang et al., 2018; Chen et al., 2015;
Wu et al., 2012a, b; Croué et al., 2003). As an important biological technology for treatment of sewage sludge, composting can transform organic materials into relatively stable humic substances, which has
better complexation ability than sewage sludge (Marhuenda-Egea
et al., 2007; Yu et al., 2010; Yamashita and Jaffé, 2008; He et al., 2014a,
b; Sun et al., 2017; Huang et al., 2018).
Although composting product has advantages over sewage
sludge in binding heavy metals, conventional composting is still limited in utilization due to the long composting period and unsatisﬁed
compost quality (Macgregor et al., 1981; Zeng et al., 2010). Hyperthermophilic composting, an innovative technology, has been recently reported to overcome the disadvantages of conventional
composting (Liao et al., 2018; Oshima and Moriya, 2008). Due to
the distinctive thermophilic microbial community and a hyperthermophilic stage of ≥80 °C with the highest temperature exceeding
90 °C, hyperthermophilic composting signiﬁcantly enhanced the
maturity degree of compost product with a higher content of N and
less antibiotic resistance genes and mobile genetic elements (Liao
et al., 2018; Yu et al., 2018; Cui et al., 2019). Therefore, hyperthermophilic composting increasingly becomes a promising biotechnique
for sewage sludge treatment and provides an ideal end-product as
fertilizer or soil conditioner (Wei et al., 2018; Liao et al., 2018;
Yuan et al., 2012). Since heavy metals pollution is one of the most important environmental issues in the land application of composting
products, it is of great concern to assess desorption or complexation
of heavy metals in composting product. However, to date, little is
known about the complexation process of heavy metals to HAs derived from hyperthermophilic compost (HTC), the end-product
from hyperthermophilic composting.
Diverse approaches are used to characterize the metal binding with
DOMs or HAs, of which EEM-PARAFAC (Yuan et al., 2015; He et al.,
2014a; Wu et al., 2011; Yamashita and Jaffé, 2008; Provenzano et al.,
2004) and 2DCOS analyses (Huang et al., 2018; He et al., 2014b; Chen
et al., 2015) are the most frequently used tools for metal-DOMs interaction analysis. He et al. (2014a) proved the better binding ability of
humic-like fractions with heavy metals than protein-like fractions
using EEM-PARAFAC analysis. Chen et al. (2015) employed IR/ﬂuorescence hetero-2DCOS to obtain the sequential information of commercial
HAs derived functional groups and fractions with Cu(II) binding. Huang
et al. (2018) combined PARAFAC analysis and IR-2DCOS to determine
the binding ability of different fractions and the sequential changes of
functional groups in complexation of heavy metals. However, these reports did not illustrate the relationship between complexation ability of
fractions and the response of functional groups to heavy metals binding
with HAs.

As mentioned above, FTIR/ﬂuorescence hetero-2DCOS can analysis
the sequential response of functional groups and further determine
the location of functional groups into different fractions, which could
link the response of functional groups to the complexation ability of
fractions quantiﬁed by EEM-PARAFAC analysis. Therefore, in the present
work, using HA and Cu(II) as the representative DOM and heavy metal,
respectively, we integrated EEM-PARAFAC and hetero-2DCOS analysis
to provide an in-depth understanding of the binding characteristics of
Cu(II) onto HTC-, TC-, and SS-derived HAs. We would ﬁgure out the contribution of response of functional groups to Cu(II) binding to complexation ability of different fractions at molecular level, in which the
response of functional groups might play an important role in the complexation potential of different fractions and HTC-derived HA might exhibit a greater complexation ability than TC- and SS-derived HAs. This
would offer a new perspective for analyzing the interaction of Cu(II)HAs and the potential ability of HTC for the remediation of Cu(II)-polluted soils.

2. Material and methods
2.1. Sample preparation
The hyperthermophilic composting and conventional composting
processes of sewage sludge were performed in a full-scale hyperthermophilic composting plant, which is located in Shunyi District, Beijing,
China (40°03′10.48″N, 116°56′2.12″E). The detailed operational process of composting has been reported in our previous study (Yu
et al., 2018). Two thoroughly mature compost samples, hyperthermophilic compost (HTC) and thermophilic compost (TC) were collected from these two composing processes after composted for
45 days. In addition, the composting raw material of sewage sludge
(SS) was used as the initial sample. Three samples were air-dried,
ground to pass through a 60-mesh sieve, and then utilized for the extraction of HAs as described by Zhang and Katayama (2012). The C, H,
N and S contents of freeze-dried HAs were determined with an elementary analyzer (Elementar Vario EL, Germany), and the humic
acid carbon (HAC) content was extracted and analyzed according
to the methods described by Wang et al. (2014). The main characteristics and the metal contents of HAs derived from three samples are
given in Table 1 and Table 2, respectively. Before titration, the
extracted HAs were dissolved with distilled water, and the ﬁnal
concentrations of all HAs were diluted to 10 mg/L (as DOC concentration, pH 7.0). Metal titration was carried out by adding CuCl 2
titrants to 50 mL of HA solution in 100-mL brown sealed vials to
generate a series of samples with Cu(II) concentration ranged
from 0 to 180 μmol L −1 (0, 5, 10, 20, 40, 60, 80, 100, 140, and 180
μmol L −1). During the titration process, the pH was maintained at
7.0 by adjusted with 0.1 mol L−1 NaOH or HCl solution. All titrated
solutions were shaken at 25 °C in dark environment for 12 h to ensure equilibrium. Afterward, one part was analyzed by ﬂuorescence EEM spectra and synchronous ﬂuorescence spectra, and the
rest was freeze dried for the FTIR spectroscopy analysis. The samples for determination of characteristics and titration were triplicates. And all the chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd., China.

Table 1
Physico-chemical properties of extracted HAs isolated from hyperthermophilic compost (HTC), thermophilic compost (TC), and sewage sludge (SS) samples.
Samples

C%

N%

O%

H%

S%

SS
TC
HTC

53.93 ± 0.27a
48.04 ± 0.07
47.34 ± 0.09

7.22 ± 0.04
8.28 ± 0.03
8.49 ± 0.03

29.84 ± 0.22
35.51 ± 0.08
36.34 ± 0.11

6.33 ± 0.03
5.33 ± 0.03
5.10 ± 0.05

2.68 ± 0.04
2.84 ± 0.05
2.73 ± 0.04

a

The values presented in the columns are mean ± standard deviation (n = 3).

Humic acid carbon %
1.92 ± 0.09
2.33 ± 0.12
3.35 ± 0.08

DOC
(mg/kg)
32.7 ± 1.6
21.6 ± 0.7
19.4 ± 0.5
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Table 2
The concentration of main heavy metals of extracted HAs derived from sewage sludge (SS), thermophilic compost (TC), and hyperthermophilic compost (HTC) samples.
Samples

Cu (mg/kg)

Cd (mg/kg)

Mn (mg/kg)

Pb (mg/kg)

Zn (mg/kg)

SS
TC
HTC

282.14 ± 1.25a
329.85 ± 10.31
304.51 ± 2.6

1.01 ± 0.05
1.29 ± 0.07
1.25 ± 0.03

537.46 ± 15.08
637.47 ± 13.53
614.17 ± 9.89

34.19 ± 1.26
43.63 ± 0.95
40.1 ± 0.88

845.06 ± 29.94
1002.98 ± 27.14
962.9 ± 37.71

a

The values presented in the columns are mean ± standard deviation (n = 3).

2.2. Spectral determination of Cu(II) binding
EEM ﬂuorescence spectra of HA with increasing Cu(II) concentration
were obtained by a ﬂuorescence spectrophotometer (Hitachi FP-7000,
Japan) at room temperature. EEM spectra were obtained with measuring ﬂuorescence intensity across emission wavelengths 250–550 nm
and excitation wavelengths 200–450 nm with 5 nm increments. The
slit widths of both the emission and excitation were set as 5 nm and
the scanning speed was set at 2400 nm min−1. Before analysis, the
Raman and Rayleigh scatters were removed and adjusted by interpolation (He et al., 2014a).
Synchronous ﬂuorescence spectra of titrated samples were carried out by a ﬂuorescence spectrometer (Hitachi FP-7000, Japan).

Synchronous-scan excitation spectra were obtained on a wavelength
range of 250–550 nm with a constant offset (Dk = 18 nm) and
0.2 nm increments at a scan rate of 240 nm/min−1.
For FTIR analysis, the mixtures of 2 mg freeze-dried HAs and
200 mg KBr (spectrometry grade) were ground and homogenized
to reduce light scatter, and then pressed under 15 MPa for 2 min.
FTIR spectra were obtained by using an Nicolet Nexus spectrometer
(Thermo, USA) at 2 cm −1 resolution with scanning from 4000 to
400 cm−1, and 64 scans were performed on each acquisition. It was
noted that the region of 1750–700 cm−1 was chosen to be discussed
below because the major bands of amide, carboxylic, phenolic, and
carbohydrate functional groups were centrally included in this region (Chen et al., 2015).

Fig. 1. Three ﬂuorescence components (C1, C2, and C3) in HAs derived from sewage sludge (SS), thermophilic compost (TC), and hyperthermophilic compost (HTC) identiﬁed by EEMPARAFAC analysis.
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2.3. PARAFAC analysis and complexation modeling
According to the approach of Stedmon and Bro (2008), PARAFAC
analysis was conducted using MATLAB 7.0 (Mathworks, USA) with the
DOMFluor toolbox (www.models.life.du.dk). Two-seven component
models were employed to compute PARAFAC data, and the ﬂuorescence
components were determined by the residual analysis, split half analysis and visual inspection. The maximum ﬂuorescence intensity (Fmax)
(A.U.) was used to determine the relative abundance of individual components (Huang et al., 2018).
The complexation parameters between Cu(II) and PARAFACderived components were determined using the single-site ﬂuorescence quenching model proposed by Ryan and Weber (1982), and
the nonlinear ﬁtting equation is as followed:


1
I ¼ I0 þ ðIML −I0 Þ
2KM CL qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

 1 þ KM CL þ KM CM − ð1 þ KM CL þ KM CM Þ2 −4K2M CL CM
where, I and I0 are the ﬂuorescence intensity at the metal concentration CM and at the beginning of the titration (without adding metals),
respectively. IML is the limiting value below which the ﬂuorescence
intensity does not change due to the metal addition. KM and CL are
the conditional stability constant and total ligand concentration,
respectively.

479)] was mainly assigned to protein-like fraction with slight fulviclike fraction. Sum of squared error for determining the components
numbers and split half analysis for mode validation were presented in
Fig. S1, which showed that three components were suitable for
PARAFAC analysis.
PARAFAC analysis further displayed the quantitative information of
the distribution of three components in all samples. For SS-derived
HA, C2 (Fmax = 750) was the most abundant constituent, followed by
C3(Fmax = 407) and C1 (Fmax = 312). However, for compost-derived
HAs, the highest level of three components was C1 (Fmax = 957–961),
and the contents of C3 (Fmax = 222–380) were evidently lower than
C1 and C2 (Fmax = 783–792). These results demonstrated that
protein-like fractions were abundant in sewage sludge-derived HA,
whereas composting process enhanced the abundance of humic-like
fractions at the expense of decreasing proteins. Similar phenomenon
was also observed in the reports of Marhuenda-Egea et al. (2007) and
Yu et al. (2010), which indicated that the humiﬁcation process of
composting signiﬁcantly decreased the content of proteins but enriched
the humic substances. In Table 1, the increasing N and O levels and decreasing H and C contents in compost-derived HAs also evidenced this
humiﬁcation process, which was due to oxidation, dehydrogenation
and the formation of stable N containing compounds during composting.
In addition, we noticed that the ﬂuorescent intensity of C1 and C2 in HA
derived from HTC were slightly higher than those from TC, suggesting

2.4. 2DCOS analysis
To obtain the structural variation information about complexation of
Cu(II) to HA derived from different samples, 2DCOS was employed
using FTIR and synchronous ﬂuorescence spectra with Cu(II) concentration as the external perturbation. According to Noda and Ozaki (2004),
2DCOS spectra were produced using 2Dshige software (KwanseiGakuin University, Japan).
Spectral intensities and signs of related peaks in 2D spectra can be
interpreted by the principles proposed by Noda and Ozaki (2004). In
the synchronous map, auto-peaks with positive signs suggest spectral
intensities, whereas cross-peaks represent the direction of the intensity
change at the corresponding spectral coordinates. Asynchronous spectra present cross-peaks exclusively, in which the signs reveal the sequential order of the spectral intensity variations induced by the
external perturbation. The same signs of the spectral coordinate (χ1,
χ2) in both synchronous and asynchronous maps indicate that the spectral intensity change at χ1 occurs prior to χ2. The sequence of spectral
change is reversed when the signs are opposite.
3. Results and discussion
3.1. Change in the ﬂuorescence of HA fractions during titration of cu(II)
3.1.1. EEM-PARAFAC analysis showed different fractions among HTC-, TC-,
and SS-derived HAs
EEM-PARAFAC analysis was applied to investigate the ﬂuorescence
of HAs fractions. As shown in Fig.1, three components were identiﬁed
in each HA derived from different samples. According to the protocol
of Chen et al. (2003), component 1 (C1) [Ex/Em = (270, 350)/450]
was ascribed to humic-like fraction for SS-derived HA, while component
2 (C2) [Ex/Em = (228, 276)/337] and component 3 (C3) [Ex/Em = 214/
(300, 370)] were classiﬁed as protein-like fractions. For TC-derived HA,
C1 [Ex/Em = (271, 367)/472] and C2 [Ex/Em = (258, 329)/410] were
assigned to humic-like fractions, and C3 [Ex/Em = (225, 277)/(377,
471)] was mainly ascribed to protein-like fraction with slight humicand fulvic-like fraction. Similarly, for HTC-derived HA, C1 [Ex/Em =
(273, 365)/467] and C2 [Ex/Em = (321, 271)/405] were classiﬁed as
humic-like fractions, and C3 [Ex/Em = (218, 275)/(310, 329, 365,

Fig. 2. Changes in ﬂuorescence of different component of HAs derived from sewage sludge
(SS), thermophilic compost (TC), and hyperthermophilic compost (HTC) during Cu(II)
titration. Vertical bars represent the standard error of the mean values (n = 3).
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Table 3
Fitting parameters of the Ryan-Weber Model of Cu(II) bound to C1, C2 and HAs derived from sewage sludge (SS), thermophilic compost (TC), and hyperthermophilic compost (HTC).
HAs
Log KM
SS
TC
HTC

5.19
5.27
5.68

C1
R2

IML

CCM

0.997
0.995
0.992

199.2
648.3
621.0

0.586
0.940
1.21

Log KM
5.21
5.26
5.35

that the level of humiﬁcation in HTC-derived HA was higher than that in
TC-derived HA. The 3.35% of humic acid carbon content in HTC was
higher than TC, which strongly supported the above results.
3.1.2. Humic-like fractions exhibited stronger ﬂuorescent quenching than
protein-like fraction
Fig. 2 showed that the quenching curves of each ﬂuorescence component with the addition of Cu(II) were different among three samples.
The PARAFAC analysis showed remarkable decrease in ﬂuorescence intensity of C1 and C2 for compost-derived HAs in response to the addition of Cu(II) with different concentrations, but negligible ﬂuorescence

C2
R2

IML

CCM

0.996
0.995
0.995

177.5
384.4
380.1

0.577
0.733
0.996

Log KM
–
5.14
5.29

R2

IML

CCM

–
0.988
0.994

–
375.7
327.2

–
1.08
1.33

quenching occurred in SS-derived HA. The dynamics of quenching
curves was quite similar to that of commercial HA (Divya et al., 2009),
landﬁll leachate-derived DOM (Wu et al., 2012a, b), other composts
derived-DOMs (Huang et al., 2018; Hernández et al., 2006; Plaza et al.,
2006a) and rice straw-derived DOM (Huang et al., 2018). As well, EEM
spectra of Cu(II) bound to DOMs exhibited the similar regular patterns
with the quenching curves (Fig. S2). The ﬂuorescence intensity of HAs
derived from both compost samples signiﬁcantly decreased with the
addition of Cu(II). The result indicated that compost-derived HAs
bound Cu(II) with a higher complexation ability than SS-derived HA.
Humic-like fractions were quenched signiﬁcantly by Cu(II), which is

Fig. 3. Synchronous and asynchronous 2DCOS maps generated from the 1750–700 cm−1 regions of FTIR spectra for Cu(II) binding with HAs derived from sewage sludge (SS), thermophilic
compost (TC) and hyperthermophilic compost (HTC).
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advantage over sewage sludge and TC in application to Cu(II)-polluted
soils.

consistent with previous reports describing the quenching effects of
heavy metals on DOM derived from land leachates (Wu et al., 2011),
composted municipal solid wastes and rice straw (Huang et al., 2018).
However, compared with humic-like components, the quenching
curves of protein-like substances with titration of Cu(II) were ﬂuctuant
in SS or maintained stable in compost samples. Similar phenomenon
was also observed in some other studies (Huang et al., 2018;
Yamashita and Jaffé, 2008). These results potentially suggested that
the complexation ability of humic-like fractions with Cu(II) binding
could be stronger than that of protein-like fractions, especially in compost samples.

3.2. Sequential response of functional groups and fractions to Cu(II) binding
2DCOS is a promising tool to improve the spectral resolution and
solve the overlap problem by spreading spectrum in a second dimension, thus help us to obtain authentic details about the IR spectra
changes of functional groups induced by the heavy metals binding
(Chen et al., 2015; Cao et al., 2016). Although EEM-PARAFAC analysis
presented the binding ability of individual HAs fraction with Cu(II),
the correlation of response of functional groups to Cu(II) binding and
the binding ability of individual fraction remains unknown. Hetero IR/
ﬂuorescence 2DCOS can provide the location of functional groups into
different fractions, which could related the response of functional
groups to Cu(II) binding to the complexation ability of individual
fraction.

3.1.3. HTC-derived HA presented better complexation ability than other HAs
The stability constants (log KM) and complexing capacity (CCM) calculated using Ryan and Weber model for humic-like fractions and HAs
are listed in Table 3. As shown in Table 2, the Cu(II) concentrations of
the three HAs were in the order of SS (282.14 ± 1.25 mg/kg) b HTC
(304.51 ± 2.6 mg/kg) b TC (329.85 ± 10.31 mg/kg), indicating that
the complexation potential of SS-derived HA could be greater than
compost-derived HAs. However, the log KM values of HAs were in the
order of HTC (5.68) N TC (5.27) N SS (5.19), as well as the CCM
(Table 3). The log KM values were 5.21, 5.26, and 5.35 for C1 in Cu(II)
binding with HA derived from SS, TC, and HTC, respectively. The log
KM values in this work were in the same range as those calculated in
water-extractable organic carbon derived from municipal solid waste
and the composting product (5.09–5.97) (He et al., 2014a), humic acid
from sewage sludge and sludge-amended soils (4.35–5.53) (Plaza
et al., 2006b), and DOM derived from municipal solid waste
(3.77–5.94) (Wu et al., 2011) and manure (3.87–5.03) (Huang et al.,
2018). Besides, the CCM value of C1 was the highest (0.996) in HTC,
followed by TC (0.733) and SS (0.577). Similarly, the log KM and CCM
values were also higher in HTC than in TC for C2. These results suggested
that the composting process promoted the stability constants and
complexing capacity of humic-like fractions with Cu(II) binding,
which is consistent with the result of He et al. (2014a, b). More importantly, the complexing stability and capacity of HA binding with Cu(II)
were greatly enhanced by hyperthermophilic composting, implying its

3.2.1. Carboxyl and phenols were the most sensitive functional groups for
response to Cu(II) binding in HTC-derived HA
Fig. 3 showed the 2D IR-COS induced by complexation of Cu(II) to
HAs derived from different samples. The predominant auto-peaks
were obviously different among these HA samples. The synchronous
maps showed 5 auto-peaks at 1560, 1395, 1324, 1137 and 1060 cm−1
in SS-derived HA, 6 auto-peaks at 1715, 1655, 1642, 1386, 1240, and
1055 cm−1 in TC-derived HA, and 5 auto-peaks at 1690, 1655, 1610,
1386, and 1160 cm−1 in HTC-derived HA. Except the bands smaller
than 1000 cm−1, most of auto-peaks in the synchronous maps were
positive, indicating that signals of functional groups changed simultaneously with the increase of Cu(II) concentration. The peaks at
1137 cm−1 in SS-derived HA and 1610 cm−1 in HTC-derived HA were
both separated into two peaks at 1164 and 1125 cm−1, 1637 and
1599 cm−1 in asynchronous maps, respectively.
The 1715, 1607, 1599 and 1240 cm−1 signals can be attributed to the
C_O or C\\O stretching (or OH deformation) of carboxylic groups (Cao
et al., 2016; Chen et al., 2015; He et al., 2011). The bands at 1690 and
1642 cm−1 are ascribed to the C_O stretching of amide (Chen et al.,
2015; Liu et al., 2017). The bands at 1655 and 1637 cm−1 correspond

Table 4
2D-IR-COS results of the sign of each cross-peak in synchronous (Φ) and asynchronous (Ψ, in parentheses) maps for Cu(II) binding with HAs derived from sewage sludge (SS), thermophilic compost (TC), and hyperthermophilic compost (HTC).
Signa
SS
1631
1560
1395
1324
1125
1060

1560

1395

1324

1125

1060

+

+(−)
+

+(−)
+(−)
+

+(−)
+(−)
+(−)
+

+(−)
+(−)
+(−)
+(−)
+

1658

1642

1386

1328

1055

+

+(−)
+

+(−)
+(−)
+

+(−)
+(−)
+(−)
+

+(−)
+(−)
+(−)
+(−)
+

TC
1715
1658
1642
1386
1328
1055
HTC
1690
1637
1599
1384
1160
a

1637

1599

1384

1160

+

+(−)
+

+(−)
+(+)
+

+(−)
+(+)
+(+)
+

Signs were obtained in the upper-left corner of the maps: +, positive; −, negative.
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to the aromatic C_C stretching (Li et al., 2011; He et al., 2011). The
bands at 1395 and 1386 cm−1 are assigned to the phenolic OH deformation (He et al., 2011). The bands at 1164 and 1125 cm−1 can be ascribed
to the aliphatic C\\OH stretching (He et al., 2014b&2011). The bands at
1060 and 1055 cm−1 can be generated by the C\\O stretching of polysaccharides (Chen et al., 2015; Li et al., 2011). The signs of cross-peaks
in synchronous and asynchronous maps for complexation of Cu(II)
with HAs are showed in Table 4. According to the sequential order
rules (Noda and Ozaki, 2004), the change of functional groups of HA
in SS binding with Cu(II) were sequenced as polysaccharides → aliphatics → amide → amines → phenols. While the sequence of functional
groups changes in TC was as followed: carboxyl → amines → polysaccharides → phenolic OH → aromatic groups → amide. And the sequence
of structural changes in HTC was in the order of carboxyl → phenolic OH
→ aliphatics → aromatic groups → amide. Compared with compostderived HAs, polysaccharides and aliphatics provided the faster respond
in SS sample. In compost samples, carboxyl was the most sensitive
group to Cu(II) addition. This is consistent with the previous reports,
which demonstrated that the carboxyl in DOM accounted for the high
Cu(II) binding ability (He et al., 2014a&b; Xu et al., 2013). Besides

35

carboxyl, phenols that could form highly stable ring structures with Cu
(II) (Chen et al., 2015; Xu et al., 2013; Wu et al., 2012a, b) were also
found to be the primary groups to participate Cu(II) complexation in
HTC-derived HA. Phenols have been demonstrated to be important
functional groups in composting process, in which the abundance of
phenols was enriched with the increasing degree of humiﬁcation
(Traversa et al., 2010; Li et al., 2013). Therefore, the higher degree of humiﬁcation in HTC than in TC could account for more phenols which
were more susceptible to Cu(II) binding to HTC-derived HA as compared to TC.
3.2.2. Carboxyl and phenols were located in humic-like fractions in HTCderived HA
Since ﬂuorescence and IR spectra represent different structures of
HA, we employed 2D heterospectral ﬂuorescence/IR correlation analysis
to verify the band assignments and the correspondence between these
two techniques (Fig. 4). For SS-derived HA, there are 4 cross peaks located in the IR regions of 1631, 1164, 926, 896 cm−1 and the correspondence ﬂuorescence regions of 383 and 280 nm in synchronous map. Five
cross-peaks were located in the IR regions of 1715, 1642, 1386, 1328,

Fig. 4. Synchronous and asynchronous 2DCOS maps generated from the 250–550 nm regions of ﬂuorescent spectra and 1750–700 cm−1 regions of FTIR spectra for Cu(II) binding with HAs
derived from sewage sludge (SS), thermophilic compost (TC) and hyperthermophilic compost (HTC).
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1240 m−1 and the correspondence ﬂuorescence regions of 422, 393,
and 280 nm for TC-derived HA in synchronous map. For HA derived
from HTC, four cross-peaks were observed in the IR regions of 1658,
1637, 1384, and 1160 cm−1 and the correspondence ﬂuorescence regions of 422, 395, and 280 nm. These cross-peaks showed positive
signs in SS and HTC samples, but negative in TC samples. In asynchronous maps, the cross-peaks were divided into different parts. For SSderived HA, groups at 1695, 1560, 1164, and 1125 cm−1 were related
to protein-like fraction (280 nm). In TC sample, groups at 1658 cm−1
was ascribed to protein-fraction (280 nm), and groups at 1607 and
1386 cm−1 were related to humic-like fraction (393 nm). For HTCderived HA, groups at 1637 and 1595 cm−1 corresponded to humiclike fraction (395 nm) and fulvic-like fraction (351 nm), and group at
1384 cm−1 was related to humic-like fraction (395 nm). These results
indicated that carboxylic, aromatic, and phenolic groups were the
basic ﬂuorescent units for humic- or fulvic-like fractions, while
protein-like fraction was related to amide, aliphatic groups, and some
carbohydrates, which were consistent with the results from Chen et al.
(2015) and He et al. (2015).
As mentioned in 2DCOS of IR, the asynchronous maps of hetero
spectral 2DCOS also provided the sequential information about the
changes of IR and ﬂuorescence spectra. For SS-derived HA, at 280 nm,
there were one negative sign at 1631 cm−1, and four positive sign at
1695, 1560, 1164, and 1125 cm−1, suggesting that the ﬂuorescence response of protein-like fraction occurred before the spectral changes of
aromatic group, and after the amide and aliphatic group. All of seven
signs were negative in TC-derived HA, which indicated that the spectral
changes of carboxylic, aromatic, and phenolic groups were observed before the ﬂuorescent change of humic-like fraction. The sign of
1328 cm−1 located at 280 nm was positive, which suggested that the
IR spectra of amine changed before the ﬂuorescence quenching of
protein-like substance. As well, for HTC-derived HA, the spectral intensity of carboxylic and phenolic groups changed before the ﬂuorescence
spectral change of humic- and fulvic-like fractions. Furthermore, for the
band (280 nm) assigned with protein-like substance, the sign of
1160 cm−1 was positive in HTC-derived HA, suggesting that the IR spectral change of aliphatic group occurred before the ﬂuorescence change
of protein-like fraction.

3.3. The faster response of carboxyl and phenols to cu(II) binding accounted
for the better complexation ability of humic-like fractions in HTC-derived
HA
He et al. (2011 & 2014b) found that composting process enhanced
the content of humic-like fractions, and led to the greater Cu(II) binding
ability. In this work, compost-derived HAs showed greater complexation ability on Cu(II) binding than SS-derived HA. In addition, humiclike fractions of C1 and C2 have the higher complexation ability with
Cu(II) than protein-like fraction of C3 in compost-derived HAs. We
also found that the abundance of humic-like substances was signiﬁcantly promoted by composting process, especially the hyperthermophilic composting. Moreover, the binding properties of heavy metals
to DOMs or HAs not only depends on the composition, but also relies
on the functional groups of DOM (Huang et al., 2018; Sun et al., 2017;
Xu et al., 2013). Most of reports demonstrated that carboxyl and phenols in humic-like fraction of DOMs accounted for the high Cu(II) binding capacity and strong afﬁnity (Huang et al., 2018; He et al. 2014a&b;
Xu et al., 2013). In our work, the hetero-2DCOS analysis illustrated
that carboxyl and phenols were the predominant groups in humic-like
fraction. Therefore, composting products possessing the greater complexation ability with Cu(II) than SS was mainly due to the increased
content of humic-like substances and the functional groups with stronger afﬁnity, e.g. carboxylic and phenolic groups (Fig. 5). Moreover, the
complexation ability of Cu(II) to HAs may be enhanced by the increase
of humiﬁcation degree.
Although the abundance of humic-like fractions and the related
functional groups were close to each other in both compost-derived
HAs, the binding capacity (log KM) and stability (CCM) of humic-like
fractions in HTC-derived HA were higher than in TC-derived HA
(Table 2). In fact, the sequences of functional groups of HAs with Cu
(II) binding were signiﬁcantly different between compost samples. In
the HTC sample, carboxyl and phenol with high binding afﬁnity which
were classiﬁed to humic-like fractions, were the primary functional
groups to bind Cu(II). Nevertheless, carboxyl and amines were the
mainly groups for binding Cu(II) in the TC sample. This could be attributed to the higher degree of humiﬁcation in HTC than that in TC, which
resulted in more abundant phenols in HTC-derived HA. Some previous
reports found that the enhancement of complexation ability of Cu(II)
binding to DOMs could be related to the response of functional groups
of DOMs (Huang et al., 2018; Sun et al., 2017; Chen et al., 2015; Xu
et al., 2013). Therefore, we speculated that HTC with higher complexation ability as compared to TC could be mainly attributed to the higher
humiﬁcation degree, as well as the resulted more abundant phenols
with the faster response to Cu(II) addition (Fig. 5).
3.4. Environmental implication

Fig. 5. Correlation of complexation abilities with sequential response of functional groups
to Cu(II) binding with HAs.

In China, with the development of urbanization, about 40 million
tons of sewage sludge was generated in 2017 and the annual growth
rate reached to 13%, causing serious environmental risks. Hyperthermophilic composting becomes a promising biotechnique with a higher
composting efﬁciency for the treatment of sewage sludge and provides
an end-product with better quality as fertilizer or soil conditioner (Yu
et al., 2018; Liao et al., 2018). We further demonstrated the greater
binding ability of HTC than TC by EEM-PARAFAC coupled with hetero2DCOS analyses in the present work. Given these advantages mentioned above, the land utilization of HTC could be widespread for in
situ remediation of Cu(II)-polluted soil, as well as many stabilizing effective agents used to treat and control heavy metals pollution, such
as red mud (Zhou et al., 2017a), biochar (Zhou et al., 2017b), oxidized
multiwalled carbon nanotube (Zhou et al., 2019). However, contaminants contained in composting products, such as toxic organic pollutants and heavy metals, are the major limitations to land application of
compost. The analysis method in the present study could offer a unique
insight into the passivation of heavy metals in the hyperthermophilic
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composting process, which is necessary for the optimization of land application of composting product.
4. Conclusions
EEM-PARAFAC coupled with hetero-2DCOS analyses were used to
elucidate the binding characteristics of Cu(II) with HAs derived from
SS, TC, and HTC. HTC showed the higher humiﬁcation degree and the resulted faster response of carboxyl and phenols to Cu(II) addition, which
accounted for the greater complexing ability of HTC-derived HA (log KM
= 5.68, CCM = 1.21) than TC- (log KM = 5.27, CCM = 0.94) and SSderived HA (log KM = 5.19, CCM = 0.586). The results suggested that
compared with SS and TC, the utilization of HTC would be a more efﬁcient approach for the remediation of Cu(II)-polluted soils. Furthermore, the analysis method might provide a new insight into the inner
correlation of functional groups and ﬂuorescent fractions in Cu(II)HAs interactions.
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