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Abstract: To investigate the characteristics of humic acids
(HAs) and the combined effects of HAs on heavy metals,
three HAs derived from kitchen waste compost (KW),
pig manure compost (PM), and green waste compost
(GW) were exposed to Cd(II) and Zn(II). The elemental
contents and functional groups of HAs were different
due to different raw materials. Fulvic-, humic-like
content C1, humic-like content C4, and two protein-like
contents C2 and C3 were identified in three HAs by EEM-
PARAFAC analysis. The effects of HAs on heavy metals
were associated with the metal species and HA source.
Our results reveal that titrating Cd(II) caused stronger
fluorescence quenching compared to titrating Zn(II)
for all HAs. C1 and C4 of KW-HAs and PM-HAs showed
fluorescence quenching after Cd(II) was added, whereas
negligible fluorescence quenching was found when Zn(II)
was added. In addition, C1 and C4 in the GW-HAs did
not show obvious fluorescence quenching regardless of
whether Cd(II) or Zn(II) was added. C3 in all HAs caused
significant fluorescence quenching, suggesting that C3
plays an important role affecting the mobility of heavy
metals. Consequently, these results suggest that HAs from
KW and PM have greater potential for Cd-contaminated
soil remediation than those from GW.
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1 Introduction

Vast amounts of organic solid wastes, such as kitchen
waste, pig manure, and green waste, are generated in
China and continue to increase annually [1-3]. Utilization
of these wastes in an environmentally friendly manner
has received much attention [4-6]. Composting is an
effective and acceptable biological process to convert
organic solid wastes into fertilizer or soil conditioner for
agricultural use, as composting improves soil fertility,
reduces greenhouse gas emissions, and remediates soil
heavy metal pollution [7-11]. During composting, unstable
organic solid wastes are transformed into stable complex
compounds such as humic acids (HAs) [12,13], which have
larger molecular weights and higher aromaticity [14].
Until now, the structural information of many HAs such
as aromatic derivatives, phenolic fragments, substituted
benzoic acids, quinones, carbohydrates, fatty acids, and
peptides has been described by researchers [15]. As many
of the functional groups carried on HAs interact with
heavy metals [16], it might be feasible to use HAs to affect
the mobilization behaviour of heavy metals. However, the
compositions of HAs differ because they are formed from
different raw materials [17], so it is necessary to compare
the binding capacity of different HAs to heavy metals.
Fluorescence excitation-emission matrix (EEM)
spectroscopy has been used to investigate the binding
capacity between HAs and heavy metals due to its
relatively low-cost, simple instrumentation, low sample
volume, and high sensitivity [18,19]. In addition, EEM
spectra combined with the PARAFAC mathematical
model have been used to provide individual groups of
fluorescent components [20]. This method reduces the
EEM dataset into a set of trilinear terms and a residual
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array and identifies how many fluorescent components
is appropriate to decompose by a split half analysis,
residual analysis, and visual inspection [21]. Many
studies have used this method to quantitatively assess
the binding degree between complex organic compounds
and heavy metals. Wu et al. [22] compared the fluorescent
characteristics between Cu(Il), Cd(II) and individual
molecular weight fractions of dissolved organic matter
(DOM) in landfill leachate by EEM-PARAFAC. He et al. [23]
also described the characteristics of humic substances
from compost and their binding properties with heavy
metals using this method.

All HAs, DOM, and water-extractable organic matter
(WEOM) can bind with heavy metals [24-26]. However,
many studies have only focused on complexation between
DOM or WEOM and heavy metals, particularly Cu(II). For
example, Yuan et al. [24] reported that DOM derived from
decomposing macrophytes shows an obvious quenching
effect by Cu(II). He et al. [25] investigated the binding
capacities of WEOM from composted municipal solid
wastes on Cu(Il), and suggested that the composting
treatment increased the Cu(Il) binding capacities. The
binding behaviour between HAs and heavy metals,
particularly metals besides Cu(Il), has not been
investigated sufficiently. As Cd(II) and Zn(II) pollution
in soil is very serious, particularly around the lead-zinc
mines in China [27,28], using huge amounts of compost
products from kitchen waste, pig manure, and green waste
is a potential solution to repair Cd- and Zn-contaminated
soils. Therefore, an assessment of binding capacities
between HAs derived from composts and Cd(II) and
Zn(Il) is necessary to help us understand the binding
mechanisms between them.

The objectives of this study were to: (1) characterize
the structure and composition of HAs derived from KW,
PM, and GW; (2) compare the binding capacities of HAs
from different composts with Cd(II) and Zn(II); and (3)
investigate the binding behaviour using the stability
constant (log K ). This study will offer theoretical support
for using composts to repair Cd- and Zn-contaminated
soils.

2 Materials and methods

2.1 Sample collection and storage

Three compost samples (KW, PM, and GW) were collected
from different full-scale composting plants, located in
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Table 1: Properties of the compost samples.

Parameter KW PM GW

Moisture (%) 30.2+0.27 23.6+0.31 28.6+0.20

pH 7.38+0.09 7.5+£0.07 7.42+0.10
-1

Total N (g kg ) 34.3+0.25 38.840.19 15.4+0.29

Organic matter (%) 54.17%0.35 69+0.52 45.1+0.24

Guangdong Province, China. Three portions were taken
from each sample after sampling. The first portion was
used to determine moisture content and pH. The second
portion was air-dried to determine organic matter and total
N. The third portion was stored at 4°C before extracting
the HAs. Details of the sample properties are described in
Table 1.

2.2 Extraction of HAs

HAs were extracted according to the method described by
Zhang et al. [29]. Briefly, one of the three compost samples
(100 g) was mixed with 150 mL of 2% HF. The mixture
was shaken for 16 h at a rotational speed of 180 rpm and
room temperature and then centrifuged at 8,000 rpm
for 6 min. The precipitate was used to repeat the above
procedure three times after removing the supernatant
each time. Then, 150 mL of 0.1 M NaOH was mixed with
the precipitate and shaken for 24 h at a rotational speed
of 180 rpm and room temperature. The supernatant was
separated from the residue by centrifugation at 8,000
rpm for 6 min. This procedure was repeated three times,
and all of the supernatants were pooled together. The
extracted HAs were obtained by adding 2 M HCl (24 h at
room temperature, pH < 2) to the supernatant. The HAs
were repeatedly washed with deionized water and freeze-
dried for future research.

2.3 Binding experiments

Batch tests were carried out to obtain the quenching
performance of the KW, PM, GW-derived HAs on Cd(II) and
Zn(II), and to compare the different binding capacities.
Freeze-dried HAs were dissolved in 1.0 M KOH individually
for the Cd(IT) quenching titration. After adjusting the pH
to 7.0 = 0.1 with 1.0 M HCI, the organic carbon content
in the HA samples was 12.5 mg/L. A 25 mL aliquot of
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the HAs was carefully transferred to a 50 mL volumetric
flask, and 0, 12.5, 25, 50, 75, 100, 125, 150, 175, 200, 225,
or 250 puL CdCl, was added (0.01 pmol/LpH = 7.0 + 0.1) to
each volumetric flask to be certain that the Cd(II) final
concentrations ranged from 0 to 100 pmol/L. In addition,
ZnCl,was prepared for the Zn(II) quenching titration. The
same procedure was followed except that the pH values of
the HAs and ZnCl, were adjusted to 6.0 + 0.1. The solutions
were mixed for 24 h in an oscillator at room temperature
before EEM spectral scanning.

2.4 HAs characterization

An elemental analysis including C, H, N, O, and S of the
freeze-dried HAs was carried out with a Vario EL cube
elemental analyser. The atomic ratios which refer to the
molar ratios of the elements were computed by dividing
the content of elements in percentage obtained from the
analysis by their atomic mass [30]. Fourier transform-
infrared (FTIR) spectra of the HAs were recorded with a
FTIR spectrometer (Bruker, Bremen, Germany). Briefly, the
freeze-dried HAs were ground and homogenized with KBr,
and then pressed into thin sheets [31]. The FTIR spectra of
the thin sheets were scanned over the range of 500-4,000
cmata2cm™resolution. EEM spectra were collected using
a Hitachi model F-7000 FL spectrophotometer (Tokyo,
Japan). The slit widths of the excitation and emission
spectra were set to 5 nm. The Em and Ex wavelengths were
from 250 to 500 nm and from 200 to 450 nm, respectively.
The interval was 5 nm with a scan speed of 2,400 nm/min
[32]. The EEM spectra of distilled water were determined as
a background solution before scanning the samples. And
then, the EEM data of the distilled water was subtracted
from each EEM spectra of the HA samples [33]. The first-
and second-order Rayleigh and Raman scatters were also
removed according to the protocol of Bahram et al. [34] to
produce corrected EEM spectra.

2.5 PARAFAC analysis

The EEM spectral data were analysed using the PARAFAC
method with the MATLAB 13.0 DOMFluor toolbox
(MathWorks, Natick, MA, USA) [32]. A PARAFAC analysis
was used to decompose the EEM spectral array into score,
Exloading, and Em loading matrices based on the trilinear
decomposition theory [35]. The concentrations of the HAs
as fluorescence components were evaluated with Fmax
values from the score matrix [32].
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2.6 Binding parameters

Eleven different concentrations of Cd(II) and Zn(II) were
titrated into three HAs to evaluate the binding parameters.
The modified Stern-Volmer equation [36,37] is a useful tool
to estimate the binding parameters as follows:

Fpb 1
Fy—F fKyCy

L1
f

Fis the initial fluorescence intensity of the Fmax value
without added metals; F is the fluorescence intensity at
the Cd(IT) and Zn(II) concentration, C,, ; and f represents
the fraction of the initial fluorescence that corresponds to
the binding fluorophores.

3 Results and discussion

3.1 Characterization of HAs
3.1.1 Elemental analysis of HAs

The elemental composition and atomic ratio are widely
applied to study the nature of HAs [38]. The elemental
composition and atomic ratio of the KW, PM, and
GW-derived HAs is shown in Table 2. PM-derived HAs had
the highest C content and the lowest O content, indicating
a lower degree of oxidation [39]. The H/C atomic
ratio indicates the aromatization of HAs, particularly
aromatization conjugated with aliphatic chains [30,39]. In
this study, the H/C ratios of the PM- and GW-derived HAs
were similar, but a slightly higher H/C ratio was observed
for the KW-derived HAs, suggesting a higher content of
aromatic groups [40]. The sequences of the O/C and O/H
atomic ratios of the HAs were in the order of GW > KW >
PM. As the O/C atomic ratio is related to the content of
COOH groups and COOH + OH groups [39], the content
of COOH groups and COOH + OH groups of the HAs may
be significantly different. To sum up, the diversity of the
element content showed different degrees of oxidation
and remarkable variations of HA functional groups, which
may result in different binding effects to heavy metals.

3.1.2 FTIR analysis of HAs

FTIR spectroscopy is a feasible method to identify the
functional groups of HAs derived from composts [41,42].
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Table 2: Elemental analysis of HAs extracted from KW, PM and GW.
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HAs N C H S (o] H/C o/C O/H C/N
Wt. % Atom %
KW- 1.320. 50.36=0. 7.05x0 0.08+0 41.19+0 1.68+0 0.61x0  0.37%0 44.52+0
HA 03 29 .08 .01 34 .02 .01 .01 .68
PM- 4.95+0. 57.98x0. 7.3320 2.80+0 26.94x0 1.520 0.35:t0  0.23x0 13.68x0
HA 18 43 .08 .05 .22 .03 .01 .00 .61
GW- 3.44%0. 49.28+0. 6.22+0 0.25+0 40.81+0 1.51x0 0.62+t0  0.41%0 16.72x0
HA 08 10 .08 .01 .05 .02 .00 .01 42
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Figure 1: Fourier transform-infrared spectra of HAs extracted from KW, PM and GW.

The characteristic absorption bands of all samples are
shown in Figure 1. The spectral shapes of the KW-, PM-,
and GW-derived HAs were almost similar, except for the
bands around 2,900 cm® which were attributed to C-H
of —CH, groups stretching vibrations caused by amide
hydrogen or OH groups of alcohols, phenols, organic
acids and bands around 1,060 cm* which were interpreted
to be C-0 stretching of secondary alcohol and/or ethers
[43] were obviously different. In addition, the absorbance
intensity of particular peaks was more or less different.

Absorbance intensity can be used to reveal the relative
content of functional groups [43]. There were almost no
significant absorption peaks for GW-derived HAs around
2,900 cm?, and very weak absorption peaks around 1,630
cm?, 1,400 cm®and 1,060 cm?. The relative content of
functional groups can affect the binding ability of HAs
and heavy metals, resulting in different fluorescence
quenching effects of the KW-, PM-, and GW-derived HAs
on the same heavy metals, which will be discussed later.
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Figure 2: Four components of the three HAs identified by the PARAFAC analysis.

3.1.3 EEM-PARAFAC analysis of HAs

EEM spectroscopy is a useful tool to determine the
composition of HAs, especially when combined with a
PARAFAC analysis. As shown in Figure 2, four independent
components were characterized by the EEM spectra and
PARAFAC analysis in the three types of HAs. The peaks
expressed as excitation/emission (Ex/Em) appeared as
component 1 (C1, 235, 282/395 nm), component 2 (C2,
205/310 nm), component 3 (C3, 225, 280/335 nm), and
component 4 (C4, 270, 368/475 nm), respectively. According
to previous studies [25,41], C1 is associated with humic-
and fulvic-like substances, C4 was identified as humic-
like substances, and C2 and C3 were attributed to protein-
like substances. Specifically, C2 was related to aromatic
proteins and some of the tyrosine-like substances, and C3
was considered as tryptophan-like substances.

Simpler structural components bring about shorter
wavelengths, whereas complex structural components
cause relatively longer wavelengths [9,44]. Therefore, the
complexity of the HA components was in the order of: C4
>C1>C3> C2. The Fmax values of the four components are
shown in Figure 3. The C1, C2, C3, and C4 contents were
significantly different, as they were derived from different
raw materials. Similar results were also reported during
the study of composting-derived fulvic acids [9]. The
percentages of C1 and C4 of the KW-, PM-, GW-derived HAs
were in the order of: PM > GW > KW, and the percentages of
C2 and C3 were the highest in KW-derived HAs, suggesting
higher condensation and polymerization with the PM- and
GW-derived HAs than with the KW-derived HAs. Protein-
like matter could be continuously converted into HAs
during composting [25,45], thus, C2 and C3 in this study
might be transformed into C1 and C4 if the composting
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Figure 3: Fmax values of the four PARAFAC-derived components in three HAs without adding heavy metals and each component

corresponding percentage in three Has.

time was much longer. However, this idea needs further
research.

3.2 Binding behaviour of compost-derived
HAs on Cd(ll) and Zn(ll)

3.2.1 EEM spectra of HAs titrated with Cd(ll) and Zn(ll)

Figure 4 shows the EEM spectra of the three HAs with or
without titration of Cd(II) and Zn(II) at a total concentration
of 100 pmol L'. As HAs include fulvic-like substances,
humic-like substances, and protein-like matter, their
EEM spectra were divided into five regions according to
a previous study [46]. The results revealed that the EEM
contours of the three HAs were different. Fluorescence
quenching was relatively obvious with the increase in
Cd(II) concentration but was slight with the increase in
Zn(II) concentration, demonstrating that the decrease in
fluorescence intensity was affected by the metal species.
Similar results have been reported previously. Huang
et al. [31] discovered the distinct complexation ability
of copper and cadmium with the same DOM. He et al.
[25] revealed a similar appearance between copper and
lead binding with the same WEOM. All of these results
may due to the differences in the ability of metal ions to
accept electrons. The peak fluorescence spectrum almost
appeared in region IV except that PM-derived HA were in
region V, demonstrating that protein-like substances are
a dominant component in KW and GW HAs which may
be caused by immature compost. Interestingly, region
IV always showed fluorescence quenching, regardless

of whether Cd(II) or Zn(II) was added, indicating that
protein-like substances are an important factor affecting
mobilization of heavy metals.

3.2.2 The Fmaxvalue curves of the HAs titrated with
Cd(l1) and zZn(11)

The Fmax curves of the PARAFAC-derived components
were studied to further understand the quenching effects
of Cd(II) and Zn(II) on HAs (Figure 5). Eleven different
concentrations of Cd(II) and Zn(II) were titrated into
three HAs. The results showed that the quenching effects
were affected by the metal species and the HA source.
Humic- and fulvic-like component C1 and humic-like
component C4 revealed fluorescence quenching with
the addition of CA(II) in the KW- and PM-derived HAs,
and the fluorescence quenching effect of PM-derived
HAs was relatively stronger than that of KW-derived
HAs, whereas negligible fluorescence quenching was
detected in GW-derived HAs. Component C3 of all three
HAs, representing tryptophan-like substances, showed
larger fluctuations in fluorescence quenching curves
with the increase in Cd(II) concentration, compared
to components Cl1 and C4. Adding Zn(Il) only caused
fluorescence quenching of component C3 in all three HAs,
but no significant change was observed in components C1
and C4. In a previous study, fulvic-like substances from
municipal solid waste leachate strongly interacted with
Cd(II) and Zn(II), however, the humic-like substances did
not strongly combine with Cd(II) or Zn(II) [35]. The results
of this research are only partially identical to the previous
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Figure 4: EEM spectra of the three HAs with or without titration of Cd(ll) and Zn(ll) at a total concentration of 100 pmol/L.

study, showing not only that the fulvic- and humic-like
components C1 can combine with Cd(II), but also that
the humic-like component C4 can also slightly combine
with Cd(II) in the KW- and PM-derived HAs. In addition,
the curve for component C2 increased for all HAs in the
presence of Cd(II) and Zn(II). This result is similar to that
of Wu et al. [35] who studied the interactions between
DOM and Cd (II), Zn(II).

As mentioned above, the decline in the C1, C3, and C4
curves from the KW- and PM-derived HAs, and the decline
in the C3 curve from GW-derived HAs could be attributed
to Cd (II)-binding sites in fulvic-, humic-like substances as
well as protein-like matter. According to a previous study

[47], the binding sites around 3,427 cm™ and 1,599 cm™ of
the FTIR spectra played an important role in the HA-metal
binding process. To our knowledge, bands around 3,427
cm?! have been interpreted to be N-H or OH stretching
vibrations, which may be caused by amide hydrogen or
OH groups of alcohols, phenols, and organic acids. Bands
around 1,599 cm™ are mainly associated with the C=0, the
aromatic ring deformations, bonded conjugated ketones
and CO in quinones and amides [41-43,48]. In this study,
the intensity peaks around 3,427 cm™ and 1,599 cm™
could be lower in the GW-derived HAs than that of KW-
and PM-derived HAs, which may lead to the negligible
fluorescence quenching. In addition, the peak at 2,924
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Figure 5: Changes in the Fmax values of the four PARAFAC-derived components after titrating Cd(ll) and Zn(ll).

cm™ and 2,853 cm™ was still involved in the HA-metal
binding process [47], but we could not see the peak clearly
in the GW HAs.

The rapid decline in the C3 curves of all HAs is worth
noting. The larger fluctuations in fluorescence quenching
curves are likely due to the Cd(II) and Zn(II) complexation
of protein-like components. A similar phenomenon was
reported previously [24,31]. These findings suggest that
C3 influences the affinity behaviour of compost-derived
HAs on metals, which is consistent with the fluorescence
spectra described above. As C3 is protein-like matter,
it may be converted to more stable substances, such
as HAs over time, and it may be impossible to complex
more heavy metals as originally shown. Furthermore, the
upward curves of C2 components were attributed to the
changes in quantum yields of protein fluorescence with
the addition of Cd(II) and Zn (II), or that the fluorescence
of the protein-like components might have been quenched
with other components before adding Cd(II) and Zn (II),
whereas, the occurred of Cd(II) and Zn (II) replaced the
original quencher, and finally, the fluorescence intensity
was enhanced [49]. A similar phenomenon was discovered
in the work of Huang et al. [31]. Another explanation is
that protein-like substances are enhanced or quenched by
unpredictably binding with heavy metals. Although many

studies have used the EEM-PARAFAC method to evaluate
the ability of HAs to bind to heavy metals, some researchers
have reported that the method may not be appropriate,
as the stability of the complex derived from protein-like
substances and metals may cause unpredictable changes
in the curves [35]. However, in this study, protein-like
substances C2 and C3 showed consistent changes such
that component C2 was always upward and component C3
was always downward.

3.3 Metal binding parameters

Metal binding parameters were employed through the
modified Stern-Volmer equation to evaluate the binding
ability of the compost-derived HAs on Cd(II) (Table 3). The
log K_values of the fulvic- and humic-like fractions C1
and humic-like fractions C4 ranged from 4.21 to 4.81 and
from 4.89 to 5.09 respectively, and those of the protein-
like fractions ranged from 4.33 to 5.06. These results are
similar to other studies [36,47]. Among all components,
component C1 showed a relatively lower log K than
component C4, suggesting that the affinities between
Cd(I) and the C4 components were much stronger. This
result may be attributed to the phenolic and aromatic
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Table 3 Binding parameters between Cd(ll) and components derived
from three HAs calculated by the modified Stern-Volmer equation

HAs fraction logkm R?
KW-C1 4.81 0.923
KW-HA KW-C3 4.33 0.971
KW-C4 5.09 0.949
PM-C1 4.21 0.901
PM-HA PM-C3 5.06 0.918
PM-C4 4.89 0.969
GW-HA GW-C3 4.65 0.921

carboxylic groups in the humic-like fractions, which can
combine with metals in stable ring structures [36]. In
addition, the binding values could not be modelled well in
the KW-, PM- and GW-HAs for Zn(II), even though similar
quenching curves were observed in protein-like fractions,
suggesting a different binding mechanism between Zn(II)
and the KW-, PM- and GW-HAs [35].

4 Conclusions

This study has given an account of the structure and
fractions of three HAs and their binding processes with
Cd(II) and Zn(II). The results suggest that although the
three HAs had similar functional groups and elemental
composition, their content and fractions were different,
thus, their metal binding capacities were different.
The EEM-PARAFAC analysis successfully provided an
additional interpretation about their binding properties,
which have been demonstrated to be affected by metal
species and raw materials. In summary, the KW- and
PM-derived HAs gave the fastest responses after adding Cd
(I1). The ability of HAs to bind with Cd (IT) was stronger than
that of Zn (II) for all three HAs. The PM- and KW-derived
HAs may be a better choice for binding with heavy metals
than the GW-derived HAs. Taken together, the results of this
study will be essential for predicting the environmental
behaviour of heavy metals in compost applied farmland
soils. The protein-like components, humic- and fulvic-like
components in composts may be important indicators for
controlling the migration and transformation of heavy
metals in farmland soils. However, the HAs in this study
were only characterized as groups, the characterization
and metal binding behaviours of those HAs at specific
molecular level remain unknown. Moreover the stability
of the complexes derived from protein-like, humic- and
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fulvic- like substances and metals in farmland soils also
requires further research.
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