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Abstract Composting is widely used for recycling of kitchen
waste to improve soil properties, which is mainly attributed to
the nutrient and structural functions of compost-derived hu-
mic acids (HAs). However, the redox properties of compost-
derived HAs are not fully explored. Here, a unique framework
is employed to investigate the electron exchange capacity
(EEC) of HAs during kitchen waste composting. Most com-
ponents of compost-derived HAs hold EEC, but nearly two-
thirds of them are found to be easily destroyed by Shewanella
oneidensis MR-1 and thus result in an EEC lower than the
electron - donating capacity in compost-derived HAs.
Fortunately, a refractory component also existed within
compost-derived HAs and could serve as a stable and effective
electron shuttle to promote the MR-1 involved in Fe(III) re-
duction, and its EEC was significantly correlated with the
aromaticity and the amount of quinones. Nevertheless, with

the increase of composting time, the EEC of the refractory
component did not show an increasing trend. These results
implied that there was an optimal composting time to maxi-
mize the production of HAs with more refractory and redox
molecules. Recognition of the heterogeneity of EEC of the
compost-derived HAs enables an efficient utilization of the
composts for a variety of environmental applications.

Keywords Electronexchangecapacity .Composting .Humic
acid .Microbial reduction

Introduction

Composting is an anoxic and staged oxic biological decom-
position of organic solid substrates in which a large number of
humic acids (HAs) are formed and termed compost-derived
HAs [1–3]. Composts have potential functions such as animal
feedstuff [4], for agronomic and horticultural use, and for the
re-vegetation of brownfield and mineral waste sites [5, 6].
More recently, it was demonstrated that composts can provide
a low-cost solution to the remediation of contaminated soils
and waters and therefore play significant roles in both pollu-
tion remediation and biogeochemical process [7]. This is
mainly attributed to the redox properties of compost-derived
HAs, including the electron accepting capacity, electron do-
nating capacity (EDC), and electron exchange capacity
(EEC).

The EECs of natural HAs formed in soils [8], peats [9], and
sediments [10] have been studied. Previous studies showed
that the EECs of HAs were associated with several aspects,
such as the molecular structures of HAs, the organic carbon
precursors, the transformations that the organic carbon had
undergone, and the environment of the isolated HAs [11].
Natural HAs were also demonstrated to effectively promote

Electronic supplementary material The online version of this article
(doi:10.1007/s00216-016-9885-1) contains supplementary material,
which is available to authorized users.

* Xiao-Song He
hexs82@126.com

* Bei-Dou Xi
xibeidou@263.net

1 College of Water Sciences, Beijing Normal University,
Beijing 100875, China

2 State Key Laboratory of Environmental Criteria and Risk
Assessment, Chinese Research Academy of Environmental Sciences,
8 Dayangfang, Beiyuan Road, Chaoyang District, Beijing 100012,
China

3 State Environmental Protection Key Laboratory of Simulation and
Control of Groundwater Pollution, Chinese Research Academy of
Environmental Sciences, 8 Dayangfang, Beiyuan Road, Chaoyang
District, Beijing 100012, China

Anal Bioanal Chem (2016) 408:7825–7833
DOI 10.1007/s00216-016-9885-1

http://dx.doi.org/10.1007/s00216-016-9885-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-016-9885-1&domain=pdf


the reduction of redox metals such as Fe(III), Cr(VI), Mn(IV),
and U(VI) [12] and chlorinated aliphatic and substituted nitro-
benzene pollutants [13, 14] due to their EECs. Compared with
natural HAs, compost-derived HAs have different structures,
precursor transformation, and isolated environment [15].
Therefore, it is reasonable to assume that the EECs of
compost-derived HAs are special, further affecting their po-
tential use for the transformation of redox pollutants.
Unfortunately, to date, the evolution of the EECs of
compost-derived HAs during a composting process remains
unclear.

In this study, a unique frame is employed for the
investigation of the evolution of the EECs of kitchen
waste compost-derived HAs. Given that the microbial
reduction assay is an exclusive tool [16] that is able
to reflect the real EECs of compost-derived HAs when
applied in contaminated environments, which cannot be
resolved by chemical [8] and electrochemical [17, 18]
assays, the EECs of the compost-derived HA samples
were determined using the microbial reduction assay in
this work. Furthermore, both anaerobic and staged aer-
obic microbial reduction experiments were conducted to
simulate the applied environments of composts, where
temporarily anoxic conditions frequently occurred.
Therefore, from the known strains of HS-reducing bac-
teria, we chose the facultative Shewanella oneidensis
MR-1 because it is capable of metabolizing under both
anoxic and oxic conditions [10]. Spectral methods were
performed to analyze the molecular structures associated
with the EECs of compost-derived HAs. The objectives
of this work were to (1) investigate the microbial re-
duced EECs of compost-derived HAs and (2) identify
the influences of the composition of compost-derived
HAs on their EECs during composting.

Methods

Composting process and sample collection

Composting was conducted in an indoor composting reactor
with a volume of 34 L and height × diameter of 400 ×
330 mm. Ventilation was controlled at 0.5 L min−1 kg−1.
Composting materials consisted of kitchen wastes (10.5 kg,
from canteen), soil (9 kg), sawdust (0.23 kg), and a composite
microbial system (1.6 kg). Composting continued for 47 days;
the changes of temperature and pH are shown in Electronic
supplementary material (ESM) Fig. S1. Samples were collect-
ed after 0, 3, 6, 8, 13, 19, 35, and 47 days of composting in
depths of 5, 15, and 25 cm, respectively. They were immedi-
ately freeze-dried and preserved in a −20 °C freezer for HA
extraction.

HA extraction

The isolation of compost-derived HAs was performed accord-
ing to the IHSS standard assay [19]. In the isolation process, a
20-g sample was shaken for 24 h at room temperature in a
150-ml solution of 0.1MNaOH and 0.1MNa4P2O4 (1:1) in a
250-ml triangular flask. The residue (humic and other insolu-
ble compounds) was separated from the supernatant by cen-
trifugation (10 min, 8000 rpm). Then, the supernatant was
acidified (6 M HCl, pH 2.0) such that the compost HAs were
purified and precipitated [20] and were then stored in phos-
phate buffer (pH 7) at 4 °C before use.

Analytical technique

The dissolved organic carbon (DOC) of all samples was mea-
sured by a TOC automatic analyzer (MultinN/C2100TOC/
TN) after being filtered by 0.22-μmmixed cellulose ester filter
membranes. Fourier transform infrared absorption spectra
(FT-IR) were recorded on a Hitachi EPI Infrared
Spectrophotometer using the KBr disk method. The three-
dimensional excitation–emission matrix (3DEEM) was re-
corded with a Hitachi model F-7000 luminescence spectro-
photometer equipped with a 150-W xenon arc lamp as the
excitation source. The slit widths of the excitation and emis-
sion monochromators were set at 5 nm, the voltage of the
photomultiplier tube was adjusted to 700 V, and the emission
(Em)wavelength was scanned from 280 to 550 nm by increas-
ing the excitation (Ex) wavelength in 5-nm increments from
200 to 450 nm with a scan speed of 12,000 nm min−1. The
EEM spectra of distilled water were obtained and were then
subtracted from the EEM spectra of the compost-derived HAs
[21]. Parallel factor (PARAFAC) analysis was applied to the
three-dimensional data array by MATLAB 7.0 (Mathworks,
Natick, MA) with the DOMFluor toolbox [22, 23]. Fmax

values as scores in the score matrix were expressed and were
used to evaluate the concentration of the fluorescence compo-
nents determined through EEM–PARAFAC analysis [23].

UV–Vis spectroscopy was performed on a UNICO model
UV-4802 double-beam spectrophotometer. Specific UV ab-
sorbance values SUVA254 (UV254 × 100/DOC) [24],
SUVA280 (UV280 × 100/DOC) [25, 26], and SUVA290

(UV290 × 100/DOC) [8] were calculated by dividing the ab-
sorbance values 254, 280, and 290 nm by the corresponding
DOC concentration. A226–400 (226–400 nm) was calculated by
integrating the UV absorbance from 226 to 400 nm. The ab-
sorption spectral slope ratio (SR) was obtained from the ratio
of two distinct spectral slopes (S275–295 and S350–400) [27].
These parameters were selected to characterize the evolution
of compost-derived HAs.

Solid-state CP/MAS 13C nuclear magnetic resonance
(NMR) spectra were measured by a Bruker model AV-300
spectrometer at 12 kHz with a standard 4-mm double-bearing
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probe head. The recycle delay time, contact time, and pulse
width time were set to 1 s, 2000 μs, and 2.4 μs, respectively
[28]. The percentage of area regions 14–39, 50–60, 65–80,
110–140, and 164–185 ppm in the NMR spectra was
calculated.

EEC and EDC measurements

The bacterium S. oneidensis MR-1 was grown under
oxygen-limited conditions in Luria–Bertani liquid medi-
um [28] (30 °C, 16 h; AQDS (1 mM) was the electron
acceptor for MR-1), harvested by centrifugation (10 min,
8000 rpm) in the early stationary phase, and then washed
two to three times with LM-lactate medium [29, 30].
Washed cells were resuspended with basal medium,
which consisted of (amounts per liter of deionized wa-
ter): 0.68 g NaH2PO4⋅2H2O, 0.25 g NH4Cl, 0.10 g KCl
(50 mmol l−1) carbonate buffer, 1.59 g Na2CO3, 2.94 g
NaHCO3 [23], 10 ml trace mineral solution, and 10 ml
vitamin stock solution [31] to make cell suspension (1–
5 × 107/106/105 CFU ml−1). The procedures of the
microbial-reduced EEC of compost-derived HAs were
as fo l lows : F i r s t , 30 ml compos t -der ived HA
(∼50 mg L−1, as electron shuttle; 30 ml PB was used
instead of compost-derived HA in the control experi-
ment), 35 ml cell suspension, and 2 ml sodium lactate
(5 mM, as electron donator) were in turn injected into a
150-ml brown anaerobic bottle, then purged with 100 %
N2 for 20 min, and immediately stoppered with butyl
rubber bungs. Second, 5 ml microbial-reduced compost-
derived HA was extracted by a 5-ml injector at 0, 8, 16,
24, 36, and 54 h and injected into (through a 0.22-um
filter membrane) another 150-ml brown anaerobic bottle
containing 5 ml ferric citrate (1 mM, as oxidant); the
ferric citrate had been purged with 100 % N2 for
20 min before reaction with microbial-reduced compost-
derived HAs. Then, the 150-ml brown anaerobic bottle
containing 5 ml microbial-reduced HA and 5 ml ferric
citrate was incubated on a horizontal shaker (150 rpm,
25 °C) in the dark for 24 h under 100 % N2 atmosphere.
The EDC measurement was also conducted in a 150-ml
brown anaerobic bottle, and 10 ml ferric citrate (1 mM)
and 10 ml compost-derived HAs were added to the
brown anaerobic bottle. The reaction solution was purged
with 100 % N2 and air for 20 min in anoxic and oxic
EDC measurements, respectively [8]. The amount of
Fe2+ was quantified spectrophotometrically (ferrozine as-
say) to represent the EEC and EDC of compost-derived
HAs after being divided by the DOC of the compost-
derived HAs. All EEC and EDC measurements were
conducted in an anoxic glove box (N2 atmosphere at
25 ± 1 °C, O2 < 0.1 ppm). All samples were run in
triplicate.

Results and discussion

Characterization of the EEC of compost-derived HAs

For most compost-derived HA samples, the Fe2+ concentra-
tions in the anaerobic microbial reduction experiments (anaer-
obic experiments) with three cell densities of MR-1 (107, 106,
and 105) were higher than those in the control experiments
(without compost-derived HAs) after a 16-h reaction under
anoxic conditions (see ESM Fig. S2a). This result indicated
that most compost-derived HA samples were able to facilitate
electron exchange betweenMR-1 and ferric citrate. The EDCs
of the compost-derived HAs measured using the ferrozine
assay showed the same order of magnitude as that of natural
HAs (see ESM Fig. S2b) [10], demonstrating that electron
donating groups also existed in the compost-derived HAs. In
addition, lower EDCs were found for the compost-derived
HAs under oxic conditions than those under anoxic condi-
tions, indicating that among the electron donating groups
within the compost-derived HAs, some were easily oxidized
by oxygen, but others were antioxidants. The observation also
implied that temporarily anoxic conditions favored the elec-
tron transfer mediated by HAs between the electron donators
and acceptors.

In contrast to the increased EECs of the natural HAs with
increasing reaction time in anaerobic experiments reported in
previous studies [16], the EECs of eight compost-derived HA
samples decreased during the reaction and became relatively
stable after 48 h, with EECs of approximately one-third of
their initial EECs (at 0 h of the reaction; Fig. 1a–c). One
possible explanation for the unexpectedly low EECs of
compost-derived HAs was that the compost-derived HAs
were degraded by MR-1 during the reaction. To confirm this,
the DOC of the reaction solution prior to and after the anaer-
obic experiments and of the compost-derived HAs in the ini-
tial reaction solution was calculated and measured, respective-
ly. In addition, compost-derived HAs in the ultimate reaction,
termed residual compost-derived HAs, were re-precipitated
from the ultimate reaction solutions by acidifying the reaction
solutions to pH 2 using dilute hydrochloric acid (6 M), then
residual compost-derived HAs were re-dissolved by PB
(pH 7) to the same volume as the ultimate reaction solutions
where they re-precipitated, and the DOC of residual compost-
derived HAs was measured again to represent the DOC of
residual compost-derived HAs in ultimate reaction solutions.
The DOC of the reaction solutions in the anaerobic experi-
ments decreased after the reaction; more importantly, the DOC
of the residual compost-derived HAs was also lower than the
corresponding DOC of the compost-derived HAs in the initial
reaction solutions (see ESM Fig. S3). In addition, some of the
compost-derived HA samples had no residual compost-
derived HAs re-precipitated, such as the 13-day compost-de-
rived HA samples. These findings indicate the degradation of
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compost-derived HAs by MR-1 during the reaction.
Furthermore, as shown in Fig. 1d–i, the EECs of the
compost-derived HAs measured at different reaction times
also changed during the reaction, indicating that the redox
functional groups within the eight compost-derived HA sam-
ples were also changed during the reaction, which might also
be due to the degradation of the compost-derived HAs byMR-
1.

Combining the findings mentioned above with the redox
characteristics of natural HAs in previous research [16], two
potential reasons were assumed to be responsible for the deg-
radation of the compost-derived HAs by MR-1 during the
reaction. First, the structures of the compost-derived HAs,
which had both more aliphatic precursor carbon and far
shorter transformation than those of natural HAs, were as-
sumed to be simpler than those of natural HAs, such as soils,
sediments, and aquatic HAs, so that compost-derived HAs
might be used as a carbon source by MR-1 to maintain its
metabolism and growth during the reaction [32], which result-
ed in the reduction of the DOC and EECs of the compost-
derived HAs. Second, the forces between fragments within
the compost-derived HAs were assumed to be weaker than
those of natural HAs due to the differences between the

physical and chemical conditions in the composting and nat-
ural environments where the HAs were formed [33].

PARAFAC analysis, based on the 3DEEM spectral data of
the compost-derived HAs, was performed to investigate the
changes of the components within the compost-derived HAs
prior to and after the anaerobic experiments. As shown in
Fig. 2a, four components existed in the compost-derived
HAs: component 1 (Ex/Em = 270/430) was related to
humic-like organics [34]; component 2 (Ex/Em = 225, 275/
340) was associated with simple aromatic proteins, such as
tyrosine and soluble microbial by-product-like materials
[35]; and components 3 and 4 (Ex/Em = 340/415 and 270,
375/485, respectively) were also related to humic-like or-
ganics and were assumed to be larger molecular weight com-
ponents within the compost-derived HAs, which was support-
ed by the lower SR of the later-staged compost-derived HAs
(19–47 days) [36], dominated by components 3 and 4, than
that of early-staged compost-derived HAs (0–6 days; see ESM
Fig. S4). The data in Fig. 2b–e showed that the relative percent
of both components 3 and 4 within the residual compost-
derived HAs decreased compared with the compost-derived
HAs; furthermore, except for the 6-day compost-derived HA
sample in the 106 cell density, component 4 disappeared in the

Fig. 1 Electron exchange
capacity (EEC) of compost-
derived HAs under anoxic condi-
tion. a–c Changes of the EECs of
compost-derived HAs in anaero-
bic microbial reduction experi-
ments (anaerobic experiments)
with 107, 106, and 105 cell densi-
ties ofMR-1 during 54-h reaction,
respectively. Data in (a)–(c) are
the same as those in (d)–(i). d–i
Changes of the EECs of compost-
derived HAs at 0, 8, 16, 24, 36,
and 54 h in anaerobic experiments
with three kinds of cell densities
of MR-1, respectively
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other residual compost-derived HA samples. These findings
strongly confirmed that some humic-like organics formed dur-
ing composting were degraded by MR-1 during the reaction.

To identify the redox functional components within the
compost-derived HAs, correlation analysis between the
EECs and EDCs of compost-derived HAs and the four com-
ponents within the compost-derived and residual compost-
derived HAs was conducted, respectively. The data in ESM
Table S1 show that the correlation between component 4 and
the EDCs of the compost-derived HAs under oxic conditions
was significant (P < 0.05), indicating that component 4 is a
major antioxidant component within the compost-derived
HAs [9]. The correlation between component 3 and the
microbial-reduced EECs of the compost-derived HAs under
anoxic conditions was significant (P < 0.01), indicating that
component 3 is a major microbial-reduced component within
the compost-derived HAs. Differently, the correlations be-
tween the EDCs and EECs of the residual compost-derived
HAs and component 1 within the residual compost-derived
HAs were significant (P < 0.05; see ESM Table S2), indicat-
ing that component 1, whose peaks were similar to those of
terrestrial HAs [35], was the most stable redox functional
component within the compost-derived HAs. In addition, as
shown in Fig. 3a–c, the EECs of the residual compost-derived
HAs increased with increasing reaction time in the initial 48 h
of anaerobic experiments, with 107 cell density of MR-1.

Noteworthy is that the EDCs and EECs of the residual
compost-derived HAs were nearly one to two and 4–25 times
higher, respectively, than those of the corresponding compost-
derived HA samples under the same conditions, further sug-
gesting that component 1 was not only the most stable but also
the most effective redox functional component within the
compost-derived HAs.

Influences of the structural composition and evolution
of compost-derived HAs on their EECs

The EDCs of the compost-derived HAs decreased during the
initial eight composting days and then increased from the 8th
to the 47th day of composting under both anoxic and oxic
conditions (see ESM Fig. S1b), indicating that the content of
the electron donating groups within the compost-derived HAs
changed during composting. Phenolic moieties have been
confirmed as the major electron donating groups within natu-
ral HAs [9], and the content of phenolic moieties within
compost-derived HAs increased during composting, as con-
firmed by the increase of the characteristic absorption band for
phenolic moieties at 3300 cm−1 in the FT-IR spectrum (see
ESM Fig.S5a). However, the correlations between the pheno-
lic moieties and the EDCs of the compost-derived HAs were
poor under both anoxic and oxic conditions (see ESM
Table S3). This result indicated that the phenolic moieties

Fig. 2 PARAFAC analysis of compost-derived and residual HAs. a Four
components of compost-derived HAs defined by PARAFAC analysis. b–
d Relative percent of the Fmax values of four components within residual

HAs re-precipitated from ultimate reaction solutions with 107, 106, and
105 cell densities, respectively. e Relative percent of the Fmax of four
components within compost-derived HAs
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might not be the only electron donating groups within the
compost-derived HAs and that other redox functional groups,
such as nitrogen- or sulfur-containing groups, within the
compost-derived HAs might also act as electron donating
groups [8]. In addition, in agreement with natural HAs, a poor
correlation between the EDCs and the aromaticity of compost-
derived HAs was also observed during composting.
Comparing with the obviously increasing aromaticity of
compost-derived HAs, confirmed by the increases of
SUVA254, SUVA280, A226–400, and the percent of the integral
of the characteristic peaks at 110–140 ppm in the solid-state
CP/MAS 13C NMR spectrum (see ESM Fig. S5b), the EDCs
of compost-derived HAs increased slightly during
composting. These findings suggested that abundant aromatic
groups were formed in compost-derived HAs during
composting, but most of them might not be redox. Another
potential reason was that some electron donating groups with-
in the compost-derived HAs had been oxidized by oxygen to
lose the EDCs during the extraction of compost-derived HAs
and parts of them might be aromatic.

The data in Fig. 1d–i showed that the micro-reduced EECs
of all eight compost-derived HA samples were changed dur-
ing the whole anaerobic experiments with three cell densities
of MR-1. This result might be attributed to the degradation of
compost-derived HAs by MR-1 during the reaction.
Meanwhile, compared with the increasing quinone groups
within the compost-derived HAs during composting, con-
firmed by the increase of the characteristic absorption band
for quinone groups at 1650 cm−1 in the FT-IR (see ESM
Fig. S5a) and the SUVA290 (Fig. S4) [8], the micro-reduced
EECs of compost-derived HAs showed the poor correlation
with the quinone groups of the compost-derived HAs (see

ESM Table S3), though the quinone groups had been
conformed to be the main redox functional groups in HAs
and correlated well with the micro-reduced EECs of HAs
[11]. One potential explanation for this phenomenon was that
the quinone groups were not the only redox functional groups
within the compost-derived HAs; other non-quinone redox
functional groups might also exist in compost-derived HAs.
Another reason was that the quinone groups within the
compost-derived HAs might be encompassed by other frag-
ments within the compost-derived HAs, which hindered the
electron changes between the reduced quinone groups and
ferric citrate and further reduced the EECs of compost-
derived HAs. Differently, in contrast to the compost-derived
HAs, the EDCs and EECs of the residual compost-derived
HAs correlated well with their SUVA254 and SUVA290

(P < 0.01; Fig. 4), respectively. In addition, the specific UV
absorbance values, SUVA254, of the residual compost-derived
HAs were higher than those of the native compost-derived
HAs (Fig. 4 and ESM Fig. S4), indicating that the aromaticity
of residual compost-derived HAs was higher than that of na-
tive compost-derived HAs. Therefore, the residual compost-
derived HAs were more refractory for MR-1 than native
compost-derived HAs, for which they had the higher EEC
than EDC (Fig. 3d–f). Furthermore, the SUVA290 of residual
compost-derived HAs was also higher than that of native
compost-derived HAs (Fig. 4 and ESM Fig. S4), demonstrat-
ing that the content of the quinone group within the residual
compost-derived HAs was also higher than that of native
compost-derived HAs, which was responsible for the higher
EEC of residual compost-derived HAs than that of native
compost-derived HAs. These results implied that, similar to
natural HAs, quinone groups were the major redox functional

Fig. 3 EECs of residual compost-derived HAsmeasured using microbial
reduction assay (anaerobic) with 107 cell densities of MR-1. a–c EECs of
residual HAs re-precipitated from ultimate reaction solutions with 107,

106, and 105 cell densities, respectively. d–f EDCs of residual HAs re-
precipitated from ultimate reaction solutions with 107, 106, and 105 cell
densities, respectively
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groups within residual compost-derived HAs, and they were
also the important redox functional groups within compost-
derived HAs.

Based on the PARAFAC analysis, we observed that both
components 3 and 4 of the compost-derived HAs increased
during composting, and they correlated well with the micro-
reduced EECs and EDCs of compost-derived HAs, respec-
tively. This result indicated that some of the humic-like or-
ganics formed in the later stage of composting were redox
reactive. However, as confirmed above, these organics were
easily degraded by the bacterium S. oneidensis, although they
had a higher aromaticity than the other components within the
compost-derived HAs. Compared with components 3 and 4,

component 1 decreased slightly during composting (see ESM
Fig. S6), but it was the most stable and most effective redox
functional component within the compost-derived HAs, indi-
cating that some types of humic-like organics that were stable
against bacterium S. oneidensis might also be decomposed or
degraded by composting microbial communities during
composting, further suggesting that the refractoriness of
compost-derived HAs was relative and mainly depended on
the environment where the compost-derived HAs were ap-
plied. Therefore, based on the evolutions of the EECs and
the fluorescence components of the compost-derived HAs
during composting, we implied that the major functions of
compost-derived HAs extracted from different stages of

Fig. 4 Correlations between
EECs and EDCs with the
SUVA290 and SUVA254 of
residual compost-derived HAs

Fig. 5 EECs of compost-derived HAs under staged oxic condition in
107, 106, and 105 cell densities of MR-1. a EECs of compost-derived
HAs at 0-h reaction in N2 atmosphere. b EECs of compost-derived

HAs at 16-h reaction in N2 atmosphere. c EECs of compost-derived
HAs after 16 h in N2 atmosphere, 8 h in air, and another 24 h in N2

atmosphere
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composting would also be different. Given that temporarily
anoxic conditions occur in natural environments, the staged
aerobic microbial reduction experiments (staged aerobic ex-
periments) were conducted to investigate the real EECs of
compost-derived HAs when they were applied in temporarily
anoxic environments. The staged aerobic experiment
consisted of 16 h in 100 % N2 atmosphere, 8 h in air atmo-
sphere, and another 24 h in 100 % N2 atmosphere. As shown
in Fig. 5, the EECs of eight compost-derived HA samples in
the staged aerobic experiments (with three cell densities of
MR-1) were lower than their corresponding EECs in the an-
aerobic experiments after a 48-h reaction. These findings sug-
gested that, compared with the anaerobic experiments, the
degradation of compost-derived HAs by MR-1 in the staged
aerobic experiments might be stronger, as confirmed by the
larger reduction of the DOC of the ultimate reaction solutions
in the staged aerobic experiments than that in the anaerobic
experiments (see ESM Fig. S3b–d). In addition, in contrast to
the anaerobic experiments, no residual compost-derived HA
was precipitated from the reaction solutions in the staged aer-
obic experiments, further supporting the larger degradation of
compost-derived HAs in the staged aerobic experiments. One
potential reason responsible for this phenomenon was that
oxygen facilitated the degradation of the compost-derived
HAs by MR-1 in the staged aerobic experiments because
MR-1 was a type of amphimicrobe, and their metabolism
and growth were able to be facilitated by oxygen, resulting
in the larger degradation of compost-derived HAs in the
staged aerobic experiments. These findings implied that
composting should be improved by forming more refractory
redox functional components to increase the remediation ef-
fects of the contaminated matrix and that both raw materials
and the technology of composting should also be improved
according to the environment where the composting products
will be used.

Conclusions

Compost-derived HAs facilitated the electron exchange be-
tween MR-1 and ferric citrate, and components 1, 3, and 4
within the compost-derived HA were all redox reactive.
Compared with components 3 and 4, component 1 was more
stable and effective. Accompanied by the changes of the com-
ponents within the compost-derived HAs during composting,
both the refractoriness and the redox properties (EDCs and
EECs) of the compost-derived HAs changed. This study sys-
tematically presented the characteristics of the EECs of
compost-derived HAs, suggesting that the EECs of compost-
derived HAs were heterogeneous and that compost-derived
HAs also had the potential to promote the transformation of
redox organic pollutants and heavy metals in the contaminated

matrix for their considerable EECs in different redox and mi-
crobial community conditions.
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