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Composting can enhance the nutrient elements cycling and reduce carbon dioxide production. However,
little information is available regarding the application of compost for the remediation of the
contaminated soil. In this study, we assess the response of the redox capacities (electron accepting
capacities (EAC) and electron donating capacities (EDC)) of compost-derived humic acids (HAs) to the
bioreduction of hexavalent chromium (Cr(VI)), especially in presence of hematite. The result showed that
the compost-derived HAs played an important role in the bioreduction of Cr(VI) in presence and absence
of hematite under the anoxic, neutral (pH 7) and motionless conditions. Based on the pseudo-first order
kinetic model, the rate constants of Cr(VI) reduction increased by 1.36-2.0 times when compost-derived
HAs was added. The redox capacity originating from the polysaccharide structure of compost-derived
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Humic acids HAs made them effective in the direct Cr(VI) reduction (without MR-1) at pH 7. Meanwhile, the reduction
Hematite rates were inversely proportional to the composting treatment time. When iron mineral (Fe,03) and

compost-derived HAs were both present, the rate constants of Cr(VI) reduction increased by 2.35-5.09,
which were higher than the rate of Cr(VI) reduction in HA-only systems, indicating that the hematite
played a crucial role in the bioreduction process of Cr(VI). EAC and quinonoid structures played a major
role in enhancing the bioreduction of Cr(VI) when iron mineral and compost-derived HAs coexisted in the
system. The results can extend the application fields of compost and will provide a new insight for the
remediation of Cr(VI)-contaminated soil.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Hexavalent chromium (Cr(VI)) is a widespread contamination in
the environment because of its widespread application in various
industrial processes such as dyes, electroplating, paints, and leather
tanning [1,2]. Chromium could be existed in the several valence
states, ranging from Cr(II) to Cr(VI), but hexavalent and trivalent
(Cr(11I1)) are the most common and stable forms in the environment
[3]. Compared to Cr(IlI), Cr(VI) is highly toxic and carcinogenic to the
living organisms. Meanwhile, it have severe environmental risks
because the typical forms (Cr,0,%~, HCr,0,%> or CrO4~) are highly
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mobile and failed to be sorb strongly by soil colloid [4]. Therefore, the
conventional Cr(VI)-contaminated remediation techniques were
based on reduction of Cr(VI) to Cr(Ill), which blocked the entry of
Cr(VI) into the ecosystem [5,6]. Compared with chemical methods
(using reducing agent e.g., nZVI, ferrous sulphate) [6,7], the cost-
effective and environmentally friendly bio-reduction technology
grows to be the most sustainable technology for the reduction of
Cr(VI) to Cr(III).

Composting is an effective and low-environmental risk option
of disposing organic solid waste in which organic matter can be
converted into humic substances (HSs) [8]. Currently, the compost
production has received increasing attention due to its multiple
environmental applications, such as enriching the soil with source
of nutrients for the growth and development of plants (e.g.,
nitrogen, phosphorus, and potassium), improving microbial
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activity and accelerating nutrient mobilization [9,10]. In addition,
the compost-derived HSs are the redox-active substance, and the
redox capacities are similar to those of soil-derived HSs [11,12]. It is
widely known that the Cr(VI) can be reduced by the soil-derived
HSs, which have a significant impact on its speciation and
transport in soil and wetland systems [13,14]. The HSs could
provide both the electron donors and adsorption sites for Cr(VI)
and reduced Cr(Ill), resulting in the significant retention effect
when the extrinsic Cr(VI) entered the soil or wetland systems [14].
For example, Ohta et al. (2012) showed that phenolic group was the
mainly functional groups in HSs converting Cr(VI) to Cr(III) [15].
Zhang et al. (2017) found that Cr(VI) was first adsorbed by carboxyl
and ester, and was then reduced from Cr(VI) to Cr(Ill) by phenol
and polysaccharide, forming complexes of the generated Cr(III)
with carboxylic groups [13]. Therefore, the Cr(VI) reduction is
significantly related to the redox-active functional groups [13,16].
However, few studies have been reported the reactions between
the compost-derived HSs and Cr(VI). The main functional
components of compost-derived HAs impacting Cr(VI) bioreduc-
tion remains unclear.

Iron mineral plays the key role in the biogeochemical and
environmental Cr(VI)-reduction reaction [17]. Previous studies had
been devoted to understanding Cr(VI) reduction involving HSs-
mineral-microbe interactions in the natural environment [17,18].
The irons on the surface of mineral could be used as active
participants by accepting or donating electrons as in the redox
transformations between Cr(VI) and Cr(III) [5,6]. What is more, HSs
could be used as the electron shuttle accelerating reduction of
Fe(oxy)hydroxide minerals in the process of dissimilatory iron
mineral reduction [19,20], and then the reduced Fe(II) was able to
convert Cr(VI) to Cr(Ill). Cr(VI) reduction by the structural Fe(II)
was accomplished via a two-step process. Cr(VI) was firstly sorbed
to the positively-changed iron mineral at neutral pH, and then
reduced by the structural Fe(Il) [18]. Therefore, we hypothesized
that the redox-active capacities of compost-derived HSs would
have a significant effect for Cr(VI) reduction from microbial-
mineral interactions. To clarify the effect, Shewanella oneidensis (S.
oneidensis) MR-1 was used as the iron- and Cr(VI)-reducing
bacterium in this work. Meanwhile, hematite (Fe,03), a common
Fe(Ill)-oxides in natural soil environments, was used to identify the
effect of Fe(Ill)-mineral reduction in process of Cr(VI) bioreduction.

In this work, humic acids (HAs) from the municipal solid waste
(MSW) compost were used as the representative of HSs to evaluate
its effects on Cr(VI) reduction [21]. The specific objectives were (i)
to describe the compost-derived HSs mediated Cr(VI) bioreduction
with or without iron mineral and (ii) to identify the relationship
between active-reduction property of compost-derived HSs and
Cr(VI) reduction. The results of this work will provide the
meaningful information to understand the effects of compost-
derived HSs on Cr(VI) reduction, and paves a useful way for the in
situ remediation of Cr-contaminated soil.

The details of materials used in this study were listed in Text S1
(Supporting information) and all of the analytical methods were
supplied in Text S2-S5 (Supporting information).

Samples of different composting stages were collected (0, 7 14,
21, 28 and 51 d), and the compost-derived HAs were extracted
based on the IHSS method. Electron transfer capacity (ETC)
contained electron donating capacity (EDC) and electron accepting
capacity (EAC). Based on our previous study [22], the EDC of
compost-derived HAs ranged from 972.45 micromoles per gram of
carbon (pmol/(g C)) to 1308.33 wmol/(g C) (Fig. S1 in Supporting
information), which is similar to the EDC of the terrestrial HAs
using the same method [12,23]. Elliott soil humic acid (ESHA) and
Pahokee Peat humic acid (PPHA) were the typical terrestrial HAs.
Owing to the comparability of EDC and EAC between the compost-
derived HAs and the terrestrial HAs, the reduction of Cr(VI)

mediated by the compost-derived HAs and the terrestrial HAs were
conducted under the anoxic, neutral (pH 7) and motionless
conditions, and the reduction kinetics were shown in the Fig. S2
(Supporting information). The negligence of Cr(VI) reduction was
observed in the terrestrial HA and the late-stage compost-derived
HAs (i.e., C28 and C51). The result was similar to the previous
studies which found that the Cr(VI) reduction by terrestrial HAs
was extremely slow at pH 7 [24,25]. Meanwhile, although the rate
was very slow, the Cr(VI) could still be reduced by the initial-stage
compost-derived HAs (i.e., CO and C7). The reaction rate constants
(k) of the compost-derived HAs reduced from 0.137 d ! to 0.034
d~!, indicated that the humification process of compost-derived
HAs might suppress the Cr(VI) reduction. Overall, the result
revealed that the low aromaticity and humification of the
compost-derived HAs (the initial-stage compost-derived HAs)
could induced Cr(VI) reduction at pH 7.

The interaction of Cr(VI) and HAs were investigated by UV-vis
spectra (Fig. S3 in Supporting information). The UV-vis spectra
revealed two absorption bands at Ajax 277 and Apax 351 nm,
which were assigned to the structure of O-Cr(VI). As shown in Fig.
S3 (Supporting information), the absorption peaks of Cr(VI) were
significantly decreased after it was treated by the initial-stage
compost-derived HA (i.e., CO, C7 and C14). The negligent decreases
of absorption peaks of Cr(VI) were observed after using terrestrial
HAs and the late-stage compost-derived HAs. The result further
suggested that the compost-derived HAs with the low humifica-
tion could be used as electron donor to reduce Cr(VI). In addition,
there were not the absorption peaks assigned to the typical
octahedral Cr(III) structure. The phenomenon might be correlated
to its relatively low solubility of Cr(IIl) at pH 7 [26].

Previous investigations suggested that the Cr(VI) reduction
caused by HA included direct and indirect reduction mechanisms
[27]. Owing to reactions between the HA and Cr(VI) were
conducted in the phosphate buffered solution with high concen-
tration (50 mmol/L), it was easy to accept that the direct reduction
mechanism was dominant because the HPO,2~ and H,PO4~ with
high concentration were considered to be able to desorbed nearly
all the ion exchangeable Cr(VI) on HA [28]. Phenol, polysaccharide
and methyl were able to act as major electron donors for the direct
Cr(VI) reduction [16]. To further confirm the mechanism of Cr(VI)
reduction by the functional groups of the compost-derived HA, the
three-dimensional excitation-emission matrix (3D-EEM) was
employed to reveal the variations of aromatic structures. The
change of the fluorescence intensities, originating from the typical
peak of the dissolved organic matter, was investigated by electron
transfer. For example, reduction of dissolved organic matter by
NaBH, produced substantially-enhanced, blue-shifted emission
arising from local donor states [29]. As shown in Fig S4 (Supporting
information), the fluorescence intensities of the typical humic-like
peak of the HA showed no change during Cr(VI) reduction, possibly
implied that the ET was not generated in the aromatic structures of
the compost-derived HAs during the Cr(VI) reduction. The
functional groups, which were involved in Cr(VI) reduction, were
not the aromatic structures of HAs at pH ~7. Thus, the result
indicted that the interaction of CrO4%~ with the compost-derived
HAs might be responding for the non-aromatic functional groups
in its inherent constructions, e.g., polysaccharide.

The HA-mediated Cr(VI) bioreduction were investigated under
the anoxic and pH 7. S. oneidensis MR-1 was a humic- and Cr(VI)-
reducing bacterium, and the sodium lactate was used as the
electron donor. The kinetics of Cr(VI) bioreduction by S. oneidensis
MR-1 were well fitted by the first order reaction model (Fig. S5 in
Supporting information). In the treatment of the MR-1 + HA+
Cr(VI) (with HA), the Cr(VI) bioreductions in presence of the
compost-derived HAs and terrestrial HAs were significantly higher
than the control experiences (without HA) during 13 days
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incubation. For instance, the Cr(VI) reductions with adding the
compost-derived HAs increased by 14.1%-40.3% after the 13 days
incubation (Table S2 in Supporting information), indicating that
the compost-derived HAs all had a positive influence for the Cr(VI)
bioreduction in the anoxic environment. This was consistent with
previous studies which HSs were the significant electron shuttles
accelerating the reduction of nitrobenzene, Hg(Il), As(V) and Sb(V)
[11,30-32]. Meanwhile, as shown in Fig. S5 and Table S2
(Supporting information), the increase rates of Cr(VI) reduction
in presence of PPHA and ESHA after the 13 days incubation were
35.2% and 65.0%, respectively. The result showed that the Cr(VI)
bioreduction of compost-derived HAs were relative weaker than
the terrestrial HAs.

For better comparison of the individual experiments, the Cr(VI)
bioreduction rates (kmr-1+Ha+cr(vi)) Were re-drawn in the presence
of compost-derived HAs and terrestrial HAs (Fig. 1). In comparison,
the HAs extracting from the different composting stages had the
remarkable difference of effect in the process of Cr(VI) bioreduc-
tion (Fig. 1a). This dissimilarity depended on the amount of the
redox-active functional groups (i.e., quinone) in the compost-
derived HSs [12,23]. It was worth noting that the reduction rates of
the compost-derived HA were reduced from 0.056 to 0.038
(Fig.1a), indicating that composting process might have a negative
effect in the process of the compost-derived HAs mediated Cr(VI)
bioreduction. Based on the previous researches, the redox
properties of compost-derived HAs increased during composting,
owing to the formed aromatic functional groups (such as phenolic,
carboxyl, quinone) in the inherent structure [8,33]. However, the
result revealed that the Cr(VI) bioreductions were not significantly
associated with the redox capacities of compost-derived HAs. The
opposite trends might be attributed to the functional groups
governing the directly electron transfer from HAs to Cr(VI) [13,34].
In particular, organic compounds containing heteroatoms, such a
phenol and polysaccharide, has been previously described as Cr(VI)
reduction agents [13,35,36]. For instance, Cr(VI) was reduced
through the formation of a Cr(VI)-phenol ester complex, followed
by the transfer of one electron to Cr(VI) to production Cr(V) [13].

Hematite (Fe,O3) was selected for further investigating
stimulated Cr(VI) bioreduction. As shown in Fig. 2a, compost-
derived HAs could significantly promote the Cr(VI) reduction in the
Fe,03-HA experiments compared with the control experiment. The
contributions of compost-derived HAs in the Fe,03-HA systems
were correlated with the composting time (Fig. 2a), which were
different from the contribution of compost-derived HAs in the HA-
only systems (without Fe,0s3). At the end of batch culture at 13
days, compared with the control experiments, Cr(VI) bioreduction
rate of the compost-derived HA ranged from 113.5%-228.5% times
increase (Fig. S6 and Table S3 in Supporting information).
Meanwhile, compared to the control experiment, the Cr(VI)
bioreduction rate of ESHA and PPHA were also 2.46 and 2.58 fold
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increase, respectively (Table S3). Compared to the Fe,Os-only
systems (the control experience), the reduction rate (indicated by k
value) with the compost-derived HAs addition increased by 235-
5.09 times, which were higher than that in HA-only systems (1.36-
2.00) (Fig. S7 in Supporting information). After Fe,O5 addition, the
Cr(VI) bioreduction rate increased significantly. These results
indicated that electron transfer for the Cr(VI) bioreduction was
significantly responsible for Fe(Ill) oxide reduction. According to
the Figs. 1b and 2 b, the compost-derived HAs could enhance the
Cr(VI) bioreduction, promoting electron transfer between micro-
organism and Cr(VI).

In addition to the compost-derived HAs, PPHA and ESHA were
also used to evaluate the influence of Cr(VI) bioreduction in the
Fe,03-HA experiments. The reduction rates of PPHA and ESHA
were 0.158 d~! and 0.138 d~}, respectively, which were higher than
that of the compost-derived HA (0.054—0.117 d~!) (Fig. 2a). The
results indicated that the influence of compost-derived HAs were
slightly weaker than that of the terrestrial HAs during the Cr(VI)
bioreduction process. Overall, the results clearly showed that
compost-derived HAs could use functional groups as the electron
transfer groups coupled with the reduction of iron mineral to
promote bioreduction Cr(VI), which was similar to the soil-derive
HAs [20,33,34]. Electrons was generated by oxidation of organic
carbon substrate (sodium lactate in this study), and eventually
transferred to Cr(VI) [3]. This transfer of extracellular electrons was
able to be greatly enhanced by adding compost-derived HAs or
terrestrial HAs based on the above results. These differences
between compost-derived HAs and terrestrial HAs are originated
from the different redox-active surface functional groups in the
inherent structure, thus the correlation analysis is used to reflect
the relationships between the reduction rates of Cr(VI) and their
electron transfer capacities [11,12].

Electron transfer capacities of compost-derived HAs had been
characterized in our previous paper [22]. When the ratios of k¢/ko
were plotted vs. the EAC (Fig. 3a) and EDC (Fig. 3b) in the Fe,03-HA
experiments, k¢/ko positively was correlated well to EAC with the
high correlation coefficient (R) of 0.905. The correlation coefficient
(R) between k¢/ko and EDC was 0.774, indicating that k¢/ko is
positive correlated to EDC but unremarkable. EAC/ETC or EDC/ETC
could reflect the distribution of electron-accepting functional
groups or electron-donating functional groups during composting
[37]. k¢/ko is also correlated positively well with EAC/ETC but
unremarkable (R =0.740) (Figs. 3c and d). These lines of evidence
suggested that the effectiveness of compost-derived HAs for
enhancing bioreduction Cr(VI) in the Fe,O3-HA systems were
positively associated with their EAC and distribution of electron-
accepting functional groups. Specific ultraviolet absorbance at
254 nm (SUVA;s4) and aromatic H generally indicated the degree
of condensation in the aromatic rings of HAs, which could indicate
the quinonoid structures [38,39]. k¢/ko showed a positive relation
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compost-derived HAs in the Fe,03-HA experiments.

with SUVA,s4 (R =0.842, p = 0.032) and aromatic H (R=0.854, p =
0.031) (Figs. 3e and f). The results suggested that the quinonoid
group was important functional groups, accelerating electron
transfer between microorganism and Cr(VI). Therefore, the
presence of compost-derived HAs had accelerated the reduction
of Cr(VI) in the Fe,03-HA systems compared to the control
experiment, and the amount of electron-accepting functional
groups (such as quinone/hydroquinone) played a major role during
the process.

Based on our results, the electron transfer between HA and
Cr(VI) was extremely slow at pH 7. In other words, the reduction
rate of Cr(VI) was determined by the rate of electron transfer
between HA and Cr(VI) (rate-limiting step). Previous research
found that HAs could be used as the electron shuttles to enhance
electron transfer between microorganism and the poorly soluble,
thereby mediating the dissimilatory Fe(Ill) reduction [20,40]. In
this work, Fe(Il) adsorbed on the mineral surface had high
reactivity toward the reduction of Cr(VI) [5,6]. Therefore, Cr(VI) as
the terminal electron acceptor was reduced to Cr(Ill) completely by
adsorbed Fe(lIl) in the Fe,03-HA systems. Thus, it was demonstrat-
ed that the iron mineral can enhance the electron transfer between
HA and Cr(VI). Our results suggested that in the presence of HAs
and iron mineral, MR-1 could provide electrons to compost-
derived HAs, which subsequently transferred the electrons to the

) of all compost-derived HAs; ratios of kt/ko vs. SUVA,s4 (e) and aromatic H (f) of all

iron mineral, and then the Fe(II) derived from the reduction of iron
mineral could rapidly reduce Cr(VI). Overall, the iron mineral
played the important role in the process of HA-mediated Cr(VI)
bioreduction.

Compost-derived HA is an efficient redox aggregate [8,11,39].
Here, the aforementioned results indicated that compost-derived
HAs had a positive influence on Cr(VI) bioreduction (Fig. 4). The
initial-stage compost-derived HAs could be used as the electron
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donator to reduce Cr(VI) because the polysaccharide in the
inherent construction (Direct reduction). In addition, redox
capacities of compost-derived HAs can accelerate the formation
of dissimilatory iron mineral by accepting the electron from
microorganisms, making the long-range and wide-range trans-
mission of extracellular respiration electrons of microorganisms
possible. In fact, EAC and the distribution of electron-accepting
functional groups were positively correlated with k/ko, with
correlation coefficients (R) of 0.905 (p < 0.01) and 0.74, respec-
tively. The quinonoid groups were important functional groups
responsible for electron transfer between microorganism and
Cr(VI). The iron mineral plays a crucial role in the process of HA-
mediated Cr(VI) bioreduction. Thus, compost-derived HAs medi-
ated microbial dissimilatory iron mineral reduction, and the
resulting Fe(Il) further enhanced Cr(VI) reduction, which was the
most crucial mode of electron transfer in the Fe,03-HA systems.
This provides future insights into the effect of compost-derived
HAs on the fate and transformation of Cr(VI). Overall, compost
products had the potential to promote the reduction of Cr(VI),
especially in areas containing abundant iron mineral.
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