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A B S T R A C T

Mobile metal Cu colloids can be formed in periodically flooded paddy soils, potentially aggravating the risks to
rice cultivated in these soils. Here, we investigated the formation and fate of Cu colloids in flooded soil as
influenced by soil reducible sulfate and temperature. In microcosms with different initial sulfate availability
(1.30, 5.34, or 7.38 mmol/kg), we found the treatments with higher sulfate concentrations showed the greater
and faster release of metal colloids. Sulfate reduction resulted in the transformation of copper in the colloids
from Cu(0) to CuxS, and the percentage of CuxS in the colloid phase increased with increasing sulfate content
according to the Cu K-edge EXAFS spectra. The batch experiments incubated at 5, 25 or 35 °C proved that high
temperature enhanced the microbial activity and released more Cu colloids during flooding. The colloid for-
mation was delayed at low temperature but persisted longer in the soil, which led to greater particle average size
because of slow growth and uniform agglomeration. Low temperature appeared to only influence the formation
and growth but not the speciation of Cu colloids. Our results highlight the importance of soil reducible sulfate
and temperature in mediating the dynamics of colloidal metals in flooded soil.

https://doi.org/10.1016/j.jhazmat.2020.123462
Received 28 April 2020; Received in revised form 24 June 2020; Accepted 8 July 2020

⁎ Corresponding authors at: School of Environmental Science and Engineering, Shanghai Jiao Tong University, Shanghai, 200240, China.
E-mail addresses: heerk@mail.sysu.edu.cn (E. He), haoqiu@sjtu.edu.cn (H. Qiu).

Journal of Hazardous Materials 402 (2021) 123462

Available online 12 July 2020
0304-3894/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2020.123462
https://doi.org/10.1016/j.jhazmat.2020.123462
mailto:heerk@mail.sysu.edu.cn
mailto:haoqiu@sjtu.edu.cn
https://doi.org/10.1016/j.jhazmat.2020.123462
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2020.123462&domain=pdf


1. Introduction

Paddy soils are usually polluted by multiple heavy metals, such as
Cu, Cd, Pb, and As, that cause great environmental concern about food
safety and human health worldwide (Ma et al., 2008). Periodic flooding
can significantly affect the bioavailability and mobility of trace metals
by restricting O2 diffusion into the soil. Some investigations reported
the formation of metal colloids in the flooding condition which main-
tained a high mobility (Xia et al., 2018). Moreover, mobile natural
colloids can serve as carriers for metal contaminants and assist their
transport in the environment (Won and Burns, 2018; Wang et al.,
2013). Therefore, for a proper risk assessment, it requires an in-depth
understanding of the formation and fate of mobile natural metal col-
loids in flooded soils.

The transition from aerobic to anaerobic conditions facilitates the
formation and stability of natural colloids. Metal ions can be bound to
natural organic matter (NOM) and be present as colloidal species. Liao
et al. (2017) found that NOM-Fe colloids are formed at the anoxic-oxic
interfaces by means of the complexation and coagulation. Meanwhile,
soil microorganisms are considered to play important roles in the re-
lease of colloids or nanoparticles by mediating various biochemical
reactions under anoxic conditions. A previous study reported that en-
domycorrhizal fungi assisted wetland plants to transform Cu(II) to Cu
(0) nanoparticles at the soil-root interface (Manceau et al., 2008), while
bacteria dispersed in the porewater induced the formation of Cu(0)
colloids via biomineralization under flooded conditions (Weber et al.,
2009a).

In addition to metallic colloids, various investigations also provided
sufficient evidences for the release of metal sulfide colloids in flooded
soils since microbial sulfate reduction can significantly influence the
transformation of metal species in the environment (Weber et al.,
2009a). The occurrence and extent of metal sulfidation is highly de-
pendent on the amount of sulfate available for microbial reduction in
the soil. Cu(0) and Cu(I)-Sorg were the predominant species at sulfate
depleted conditions over the flooding period of soil, whereas in soils
containing enhanced sulfate levels, Cu(0) was transformed into Cu-
sulfide upon sulfate reduction (Fulda et al., 2013a). When the con-
centration of reducible sulfate is limited, different metal contaminants
may compete with each other for the reaction with biogenic sulfide.
Weber et al. (2009b) reported that Cu, Cd, and Pb were easily seques-
tered in metal sulfide phases, whereas Zn, Ni, and Fe were hardly.
Despite the numerous studies on the dynamics of metal contaminants in
their dissolved and solid state in paddy soils with various sulfate con-
tents, there is barely any information available about the effect of sul-
fate availability on formation and behavior of metal colloids in pore-
water under flooded conditions.

The chemical speciation and fate of heavy metals in soil are de-
pendent on a series of biogeochemical processes that are mainly
mediated by soil microorganisms (Chen et al., 2019). Differences in
temperature as caused by seasonal variations or climate change no
doubt affect such biogeochemical reactions, thus influencing the dy-
namics of trace metals in paddy soil. High temperature accelerated and
enhanced the microbial reductive dissolution of Fe(III) and Mn(III, IV)
(oxyhydr)oxides, which could further promote the release of dissolved
and colloidal trace metal in the flooded soil (Hofacker et al., 2013b).
The rate and extent of microbial sulfate reduction were reported to
increase upon increasing temperature in rice paddy soil (Van Bodegom
and Stams, 1999). In addition, temperature could also affect the abiotic
processes in the environment. For example, the reaction rate increases
by 1.5–3 times for every 10 °C increase in temperature (Brezonik,
1994). A change in temperature leads to numerous reactions that make
the dynamics of metal contaminants in the environment elusive. On the
one hand, reductive dissolution promotes the release of dissolved and
colloidal metals, originally adsorbed onto minerals, into porewater. On
the other hand, the reduction of large amounts of sulfate could in turn
sequester mobile heavy metals into metal sulfide precipitation. Till

now, the effects of temperature on the metal colloids dynamics in the
flooded soils and associated mechanisms remain unclear.

With the hypothesis that sulfate and temperature can promote the
natural colloids release and transformation, this study systematically
investigated the impact of sulfate availability and temperature on the
release, stability and transformation of copper colloids in flooded paddy
soil. Special attention was paid to (1) monitor the dynamic release of Cu
colloids as well as other chalcophile metals, including Cd, Pb, and Zn, in
the porewater during soil flooding to analyze the competition effect
between these chalcophile metals; (2) measure the change of colloid
particle sizes using dynamic light scattering (DLS) to evaluate their
stability upon increasing soil reduction; (3) determine the speciation
transformation of copper colloids at different sulfate content or tem-
perature using X-ray absorption spectroscopy. The findings of this study
will expand our understanding of the formation and fate of metallic Cu
and metal sulfide colloids in flooded paddy soil, thus assisting the
evaluation of the risk of trace metals for rice food safety.

2. Material and methods

2.1. Soil and synthetic river water material

A large amount of topsoil (0–10 cm depth) was collected from a rice
paddy field in the northern Guangdong Province, South China
(Dabaoshan, Shaoguan, China) (24°31′37″N; 113°42′49″E). The soil
was dried and gently crushed with a pestle and sieved to a soil ag-
gregate size of< 2 mm. The basic physical and chemical properties of
the soil were characterized and they are listed in Table S1. Synthetic
river water was prepared. It was composed of 1.0 mM CaSO4, 0.5 mM
Mg(NO3)2, and 1.9 mM NaCl, resembling the main composition of the
water alongside the soil sampling site in the Dabaoshan area (Huang
et al., 2010).

2.2. Soil incubation experiment

Three different incubation series were investigated, in which the
soil was adjusted to different amounts of sulfate using CaSO4 solution
(Table S2). The soil incubation was performed similarly to our previous
study (Xia et al., 2018). Briefly, microcosms (glass bottles; SCHOTT
DURAN®, Germany) were equipped with a porous suction cup and
connected to a Teflon shut-off valve. For each microcosm, 250 g soil (on
air-dry basis) was allowed to equilibrate with 1000 mL of aerated
synthetic river water by shaking the suspensions for 2 h under air. The
suspension was centrifuged at 600 g for 15 min. The soil paste that was
collected after centrifugation was transferred into a microcosm and
submerged with an additional amount of 250 mL of synthetic river
water. No supplementary organic carbon was added into the soil. The
series of microcosms were incubated in the dark at 25 °C using a tem-
perature-controlled biochemical incubator (SPX-150, Zollo, China). The
three incubation treatments are referred to as high sulfate treatment
(HS) (7.38±0.02 mmol kg−1), medium sulfate treatment (MS)
(5.34±0.03 mmol kg−1) and low sulfate treatment (LS) (1.30± 0.04
mmol kg−1), respectively. The soil with medium sulfate content (MS)
was selected to study the impact of the factor temperature. Three
temperature gradients (35, 20 and 5 °C) were set for the flooding ex-
periment. They represent the typical temperature in Summer, Spring,
and Winter, respectively, in the Dabaoshan area.

2.3. Porewater sampling and analysis

Soil porewater was sampled by linking a suction cup to a syringe at
day 1, 3, 5, 10, 15, 20, 25, and 30 in a steel glovebox (pO2<1 ppm;
Braun, Germany). A slow flow rate of 0.4 mL/min was chosen to
minimize sheer stress on soil grains near the suction cup. The pH was
measured in a 1 m L-aliquot with glass electrodes (ROSS Sure-Flow for
pH, Thermo, USA). The recovered sample was filtered through a 0.025
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μm cellulose nitrate membrane. To determine the concentration of
colloidal metal, including Cu, Cd, Pb, and Zn, the unfiltered and 0.025
μm-filtered aliquots were acidified using 0.5 M HCl, then the acidified
samples were measured with inductively coupled plasma optical
emission spectrometry (ICP-OES, Optima 8300, Perkin Elmer,
Germany). The metal concentration in the 0.025 μm-filtered porewater
sample was referred to as the dissolved metal concentration (Cdissolved).
The colloidal metal concentration was derived from the difference be-
tween the unfiltered and 0.025 μm-filtered samples (Ccolloidal =
Cunfiltered - Cfiltered). We defined the colloidal-dissolved boundary as
0.025 μm because colloids< 25 nm may also be retained by fast dif-
fusive transport to the filter membrane (Hofacker et al., 2013a). The
concentration of SO4

2− was measured by ion chromatograph (DX500,
Dionex, USA).

2.4. Dynamic light scattering (DLS) analysis

A photon correlation spectroscopy (Bi-90, Brookhaven Instruments,
USA) was used to study the light scattering intensity of colloidal sam-
ples and the changes of colloidal particle size. The DLS data was ob-
tained based on the intensity method. The light source was a solid-state
Laser (LEXEL Laser, USA) with a wavelength of 514.5 nm and a power
of 400 mW. The measured fixed scattering angle was 90°. The rectan-
gular covered glass sample tank (Hellma, Germany) was used to test the
sample after loading the sample lid in the glove box. The solution
temperature was controlled at 25 °C, and the determination time was
selected to be between 60 and 300 s.

2.5. Soil microbial activity analysis

The microbial growth efficiency (MGE) and respiration rate were
measured to determine the effect of temperature on soil microbial ac-
tivity. After incubation for 7 and 14 days, a 3.6 mmol/L solution of
either glucose labeled at specific sites (U-13C and 1-13C) or pyruvate
(1-13C and 2, 3-13C) was injected into the soil. For the three different
incubation temperatures of 35, 20 and 5 °C, carbon dioxide in the
sample bottles was measured at 60, 90, 120 and 180 min after the start
of cultivation, respectively. The ratio of glucose to pyruvate isotopes of
13CO2 production rates was calculated and used in MGE. A second set of
cultured samples was used to determine the respiratory rate, using
LICOR 6262 (li-cor Biosciences, Lincoln, USA) to analyze the CO2

concentration after days 7 and 14 of incubation of soil flooding(Dijkstra
et al., 2011).

2.6. X-ray absorption spectroscopy analysis

The speciation of colloidal Cu was determined using extended X-ray
absorption fine structure (EXAFS) spectroscopy at the XAS beamline at
the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China).
Colloid samples were collected by filtration through 0.025 μm cellulose
nitrate membranes. The membranes were washed using 5 mL

deoxygenated ultrapure water and dried under N2 atmosphere. Then
the colloid samples were stored and transported under N2 atmosphere
and measured in the vacuum chamber. The beamline was equipped
with a double crystal Si (111) monochromator, which was detuned to
65 % of the maximum intensity using a software-controlled mono-
chromator stabilization. Spectra of colloid samples were recorded in
fluorescence mode using a 5-element Ge solid state detector. Cu(0),
CuxS, Cu(I)-Pcoc, and Cu-carboxyl were chosen as reference com-
pounds. The photon energy of the experimental spectra was calibrated
using Cu(0) foil (K-edge at 8979 eV). CuxS was requested from Diamond
Light Source, Didcot, UK (Pattrick et al., 1997). Cu(I)-PcoC was selected
as a model for Cu(I) in trigonal coordination (Peariso et al., 2003). The
mixture solution of Cu(II) and Pcoc protein was reduced with sodium
ascorbate in an anaerobic glovebox. The sample was dialyzed to remove
the reducing agent, combined with glycerol to 30 %, loaded into a
Lucite cuvette, and frozen in liquid N2. Cu-carboxyl was prepared as Cu-
acetate aqueous solutions. The solutions were crystallized, then ground
and dried in the glovebox.

The X-ray spectral data (the average of the three measurements)
were normalized using the Athena software. Principal component
analysis (PCA) was used to predict the main spectrum types that might
be contained in the sample, and target transformation (TT) was used to
identify the relevant standard substances used in linear combination
fitting (LCF) of the sample spectrum. Principal component analysis and
target transformation were carried out by SixPack software. The linear
superposition fitting of the normalized sample EXAFS spectrum was
carried out by Athena. For each sample, a set of standard substances
with minimal residuals were used as possible components of the
sample.

3. Results and discussion

3.1. Dynamic release of metal colloids affected by initial sulfate content

The changes in porewater pH and dissolved concentration of sulfate
in high sulfate (HS), medium sulfate (MS) and low sulfate (LS) treat-
ments during soil flooding are shown in Fig. 1. Porewater pH of the
three sulfate treatments showed a similar trend of an initial fast in-
crease (day1−15) followed by a slower increase (day 15–30). HS
treatment induced a lower pH (approximately 4.4) but a faster rate of
pH increase, causing the pH value of the three treatments to be similar
from day 5 until the end of the exposures. This trend of increasing pH
results from protons being consumed by reactions such as the reductive
dissolution of Fe(III) and Mn(III, IV) (oxyhydr)oxides (Fulda et al.,
2013a). The sulfate concentration started to slowly decrease at day 3
for HS, day 5 for MS, and day 10 for LS, respectively. The sulfate
content decreased sharply after 15 days for HS and MS, while it steadily
declined during the entire sulfate reduction period in the LS treatment.
At the end of soil flooding, the low sulfate treatment was almost de-
pleted. In contrast, the HS and MS treatments still retained the same
sulfate concentration of 1.35 mM. About 28.6 mmol/kg acid-volatile

Fig. 1. Porewater pH (a) and dissolved concentration of sulfate (b) in high sulfate (HS), medium sulfate (MS) and low sulfate (LS) treatments during soil flooding.
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sulfide (AVS) and 13.7 mmol/kg chromium(II)-reducible sulfur (CRS)
were found after 30 days of flooding in the high sulfate treatment (Fig.
S1). The transformation of S species from sulfate to reduced inorganic
sulfur (RIS) indicated the occurrence of microbial sulfate reduction
process. The S species dynamics would significantly affect metal be-
havior in soils. Microbial anaerobic respiration of extracellular Mn-/Fe-
oxides proceeds usually prior to sulfate. Thus, we assumed that the
microbial reductive dissolution of Mn-/Fe-oxides mainly occurred at
days 1–15, leading to the faster increase of pH. After 15 days of
flooding, microbial sulfate reduction was dominated and caused the
sharply decline of sulfate content.

The concentration of colloidal Cu during soil flooding at different
initial sulfate treatments is shown in Fig. 2a. The Cu colloids were
formed nearly before or at the onset of microbial sulfate reduction.
Colloidal Cu in the HS treatment reached a maximum concentration of
20.79 μM after 5 days, whereas the maximum values in the MS and LS
experiments occurred at days 5 and 10, respectively. The formation of
metal colloids could result from soil dispersion or oxidation of artefacts
(Weber et al., 2009a) and sediment resuspension (Xu et al., 2018)
during flooding. The treatment with high sulfate amount showed the
highest peak value of colloid Cu and also the greatest descent rate in Cu
colloid concentration during the flooded period. The sulfate reduction
degree was higher in the treatment with high sulfate concentration.
Thus, the colloidal Cu formed could easily be removed from the pore
water by sulfide precipitation.

The concentrations of other chalcophile metal colloids, including
Cd, Pd, and Zn, were also measured to evaluate the competition effect
of dynamic release and behavior between Cu and other chalcophile
metals. Generally, almost all metal colloid concentrations initially in-
creased and then declined (Fig. 2b-d). However, unlike the rapid for-
mation of colloidal Cu that occurred almost before the sulfate reduc-
tion, colloidal Cd, Pb and Zn accumulated after the start of sulfate
reduction, suggesting that these colloids may be present as metal sul-
fides. The concentration of these colloidal metal reached peak levels
after 15 days, and then significantly decreased with the subsequent
rapid reduction of sulfate. This declining trend could also result from
the aggregation and precipitation of metal colloid particles. It is worth
noticing that the colloidal Zn concentration was negligible during the
entire soil flooding process at the MS and LS treatments, showing that
the thermodynamic stability of these four metal sulfides are Cu>Cd∼

Pb>Zn. The earlier formation of Cu colloids could be attributed to the
lowest solubility product (logKsp°) of all metal sulfide minerals in the
present study (logKsp° (Cu) = −22.3, logKsp° (Cd) = −14.4, logKsp°
(Pb) = −14.0, logKsp° (Zn) = −11.5). This can also explain the
negligible release of Zn colloids compared with the other chalcophile
metals in the MS and LS treatments. Overall, the results obviously in-
dicated that the formation of Cu colloids in the soil flooding experiment
occurred before or at the onset of the sulfate reduction, whereas the
formation of colloidal Cd, Pb and Zn proceeded during all sulfate re-
duction stages. Previous studies also reported various heavy metals
showed complex interactions of dynamic release into colloid phase. For
example, colloidal Cd and Pb are formed later than colloidal Cu
(Hofacker et al., 2013b), whereas Hg could be incorporated into me-
tallic Cu and metal sulfide nanoparticles in flooding soils (Hofacker
et al., 2013a).

In addition, the colloid mass increased to peak values of 31.4–60.4
μg in 10 mL sampled porewater after 15 days flooding and then de-
creased sharply in the three sulfate treatments (Fig. S2). This indicated
that slow sulfate reduction might promote the colloid formation,
whereas the rapid sulfate reduction might sequestrate the metal colloids
as soil precipitates and decrease the colloid mass. The peak con-
centrations of metal colloids were significantly greater in the high
sulfate treatment than in the medium and low sulfate treatments. The
good linear relation between the sulfate amount and maximum colloid
concentration (R2 = 0.91) (Fig. S3) suggested that the metal colloid
release was coupled with the amount of sulfate in the flooded soil.

3.2. Dynamic release of metal colloids as affected by temperature

Fig. 3a shows the effect of incubation temperature on the dynamics
of the colloidal Cu concentration during soil flooding. A pronounced
peak of colloidal Cu concentration reached ∼20 μM at 35 °C and ∼15
μM at 20 °C after 5 days, respectively. Then, a rapidly decreasing trend
was observed from day 5 to day 30 due to the ongoing sulfate reduc-
tion. In the treatment at 5℃, colloidal Cu was hardly produced in the
first 10 days of incubation. This result indicated that the low tem-
perature inhibited or delayed the initiation of colloid formation. After
25 days of soil flooding, the colloidal Cu concentration reached a peak
value of ∼7 μM. Compared with the peak concentration of colloidal Cu
at different temperature treatments, results showed that the release of

Fig. 2. Concentration of colloidal Cu (a), Cd (b), Pb (c), and Zn (d) in HS, MS and LS treatments during soil flooding.
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colloidal Cu could be promote with the increase of temperature in this
study. This phenomenon can be easily understood because temperature
plays a rather important role for many biogeochemical reactions, such
as microbial sulfate and Fe reduction which is coupled with the en-
vironmental behavior of metal colloids (Hofacker et al., 2013b).

Investigations of response mechanisms of microorganisms to soil
warming have basically focused on microbial community growth and
respiration (Rousk et al., 2012; Sinsabaugh et al., 2016; Bradford,
2013). Therefore, we measured microbial growth efficiency (MGE) and
respiration rate at day 7 and 14 in the different temperature treatments.
The result obtained showed that MGE was nearly unchanged with the
increase of temperature, indicating it was not sensitive to temperature
(Fig. 3b). Hagerty et al. (2014) also found that MGE was unchanged
with increase of temperature. The authors proposed that higher main-
tenance cost for growth at elevated temperature could be avoided
through changing active microbial community hence maintaining a
constant MGE.

While MGE remains stable during temperature changes, the mi-
crobial respiration rate was significantly enhanced with increasing
temperature (Fig. 3c). The increased respiration rate but stable MGE
indicated that temperature intensified microbial C metabolism through
faster C depletion because of the raised generation of new microbial
biomass (Hagerty et al., 2014). Hofacker et al. (2013b) reported that
warmer temperature led to not only greater microbial activity but also
greater availability of low molecular weight organic acids. The elevated
microbial activity provided a proper explanation for the faster and
higher release of colloidal Cu at higher temperature.

The effect of temperature on microbial activity could inevitably
influence reductive dissolution of Fe(III) (oxyhydr)oxides that largely
control the release and mobilization of heavy metal in paddy soil
system (Wang et al., 2019). Fig. 3d shows the dynamics of the dissolved
total Fe concentration in porewater at different temperatures during
soil flooding. Dissolved Fe was released immediately at 35 °C and 20 °C
accompanied by the release of metal pollutants, thus promoting the
formation of metal colloid in the initial period of flooding. There are
two possible reasons for trace metal release: 1) the reductive dissolution
of Fe oxides releases metal pollutants that were previously bound to the

Fe oxides (Davranche and Bollinger, 2000); 2) the dissolved Fe com-
petes with trace metals for absorption sites on organic matter and mi-
neral surfaces (Grybos et al., 2007). In the treatment of 5 °C, the re-
leased Fe was negligible even after 15 days of incubation, then started
to slowly increase. The slower and lower reductive dissolution of Fe
oxides at 5 °C resulted in a similar trend of colloidal Cu concentration
compared with the treatments of 20 °C and 35 °C. The formation of
colloidal Cu was lower at the low temperature treatment but lasted
longer in the porewater. Therefore, dynamic release of colloidal Cu was
largely affected by temperature and is coupled with microbial Fe re-
duction. The metal colloids released earlier and much more at higher
temperature, whereas low temperature led to increased persistence of
mobile metal colloids in porewater.

3.3. Dynamics of metal colloids stability

Once metal colloids are released into the porewater, their stability
can influence their mobilization and bioavailability to a large extent
(Wagner et al., 2014). Thus, we measured the change of the average
size and light scattering intensity of the colloids using dynamic light
scattering technique. Fig. 4 shows the colloidal size and their scattering
light intensity at high sulfate, medium sulfate and low sulfate treat-
ments. The change of particle size showed a similar trend despite a
different initial sulfate content. Specifically, the colloidal particle size
was almost stable (60−70 nm) from the 1st to 10th day. With the
progress of soil reduction, the average colloidal particle size of all
treatments increased by almost 40 % on the day 15, and reached the
maximum particle size (∼100 nm) on the day 20. The polydispersity
index (PDI) values of all the colloidal samples were between
0.064−0.312 (Table S3). The particles size in the LS treatment was
slightly greater after 20 days of incubation compared to the cases of MS
and HS treatments. This phenomenon might be caused by more uniform
agglomeration that resulted from lower oversaturation because of lower
sulfate reduction (Banfield and Zhang, 2001). The light scattering in-
tensity of the three treatments increased to its maximum value after 5
days and then decreased rapidly (Fig. 4b). The peak value of light
scattering intensity was slightly higher at high sulfate (89.7 kcps) than

Fig. 3. Influence of temperature on colloidal Cu release (a), microbial growth efficiency (MGE) (b), microbial respiration rate (c), and dissolved total Fe release (d).
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Fig. 4. Change in colloids particle size (a) and scattering light intensity (b) in the HS, MS, and LS treatment during soil flooding.

Fig. 5. Effect of temperature on colloids particle size (a) and scattering light intensity (b) during soil flooding.

Fig. 6. Colloidal Cu speciation during soil flooding with different initial sulfate concentration. (a) Normalized Cu EXAFS spectra of colloid and selected references. (b)
Linear combination fitting results of colloid spectra.
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in the case of medium (56.6 kcps) and low sulfate (26.6 kcps). This
could be attributed to higher colloidal metal concentration in the high
sulfate treatment.

Fig. 5 shows the particle size of the colloids and the light scattering
intensity as affected by temperature. The average size of colloidal
particles when the maximum release of colloids was 47 nm at 35 °C, 65
nm at 20 °C, and 75 nm at 5 °C, respectively. The PDI values of the
colloidal samples were 0.180, 0.251, and 0.176, respectively (Table S3).
The trend of light scattering intensity was mainly consistent with the
change of metal colloid concentration. However, compared with the
treatments at 20 °C and 35 °C, the treatment at 5 °C showed higher peak
value of light scattering intensity despite the lowest concentration of
colloids, which could be attributed to the greater particle size. At lower
temperature, lower microbial sulfate reduction not only results in lower
oversaturation but also in more prolonged precipitation of metal col-
loids. Thus, slow growth and uniform agglomeration increased the size
of metal colloids in the low temperature treatment (Banfield and Zhang,
2001). The decrease of temperature could also lead to a decline of ionic
strength and the amount of natural organic ligands, which indirectly
promoted the stability and growth of colloidal particles (Mullaugh and
Luther, 2011). NOM exhibits a high affinity for heavy metals and plays
important roles for stabilizing colloids. A previous study reported that
colloidal metacinnabar-like species formed in DOM-containing sulfidic
systems, and particle size increased with the increasing Hg: DOM ratio
(Gerbig et al., 2011). The colloidal particles in the high temperature
treatment might be more instability than in the low temperature as
indicated by the sharply drop in the colloidal metal concentration. This
phenomenon could be attributed to the easier aggregation and de-
position at high temperature because high temperature could disrupt
weak interaction forces and decrease electrostatic repulsion (Adeleye
and Keller, 2014).

3.4. Speciation of colloidal Cu

Cu K-edge X-ray absorption spectroscopy was applied to char-
acterize the molecular level changes of colloidal Cu speciation during
soil reduction. Fig. 6 and Table S4 show the normalized Cu EXAFS
spectra of colloid and corresponding linear combination fitting results
at high sulfate, medium sulfate, and low sulfate treatments. Samples at
day 5 and day 15, which represented the highest and lowest value of
colloidal Cu concentration, respectively, were selected to analyze the
speciation change. Cu(0), CuxS, Cu(I)-Pcoc, and Cu-carboxyl were
chosen as reference compounds.

After 5 days of incubation, Cu(0) was the most prominently col-
loidal species, accounting for 43.5 % in HS, 56.3 % in MS, and 28.4 % in
LS, respectively. Microbial reductive dissolution of Fe oxides occurred
immediately at the beginning of flooding conditions. Such microbial
anaerobic Fe respiration process could release Cu(II) ions into pore-
water that was previously bound to the Fe oxides. Then, Cu(II) was
reduced to Cu(I) and Cu(0) through microbial metabolism, such as
extracellular electron transfer or homeostasis-controlled Cu efflux me-
chanisms (Wakatsuki, 1995; Qiu et al., 2020). This process might result
in the release of mobile Cu(0) colloids. For example, Manceau et al.
(2008) reported that endomycorrhizal fungi assisted plants to transform
Cu(II) ions into Cu(0) nanoparticles at the soil-root interface. In addi-
tion, Cu(I) disproportionation was another important pathway for
producing Cu(0) species. Many biological and abiotic reduction me-
chanisms can lead to transformation of Cu(II) to Cu(I). Qiu et al. (2020)
reported that Geobacter sulfurreducens could effectively reduce Cu(II) to
Cu(I) in the presence of iron oxide nanoparticles that served as conduits
and batteries to facilitate the electron transfer. Reduced soil humic acid
resulted in the rapid reduction of Cu(II) to Cu(I) within 1 h under an-
oxic conditions (Maurer et al., 2013). Then, the unstable Cu(I) trans-
formed into Cu(0) and Cu(II) through disproportionation.

CuxS was another important chemical species at day 5, accounting

Fig. 7. Colloidal Cu speciation during soil flooding at different temperatures. (a) Normalized Cu EXAFS spectra of colloid and selected references. (b) Linear
combination fitting results of colloid spectra.
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for 34.5 % in HS, 28.6 % in MS, and 27.4 % in LS, respectively. Reduced
organic S groups may play vital roles in the formation of CuxS before
the microbial sulfate reduction (Fulda et al., 2013a, c). After 15 days,
microbial sulfate reduction was dominant. The Cu(0) colloids were then
transformed to CuxS colloids via reaction with sulfide that produced by
microbial sulfate reduction. In this case, the percentage of Cu(0) de-
creased by 55–70 % and correspondingly CuxS increased by 42–60 % in
the sulfate treatments. The higher initial sulfate concentration resulted
in a higher proportion of CuxS at day 15. Therefore, it could be inferred
that microbial sulfate reduction accelerated the transformation of me-
tallic colloids. Weber et al. (2009a) found that homeostasis-controlled
Cu(I) efflux mechanisms contributed to the formation of Cu(0) colloids,
with CuxS species successively replacing Cu(0) crystal in flooded soil.
The CuxS appeared as a hollow morphology associated with microbial
cells. Such species transformation phenomenon could be affected by
environment pH. For example, the transformation of Ag nanoparticles
to Ag2S would be occurred theoretically at pH lower than 9.6. When pH
lower than 9.6, sulfide species was mainly H2S that could easily convert
Ag(0) to Ag2S (Liu et al., 2013).

A similar result was observed for the colloidal Cu speciation at the
maximum release concentration of metal colloids during soil flooding in
the different temperature treatments (Fig. 7 and Table S5). EXAFS
spectra and LCF results indicated that Cu(0) was the dominating species
in the Cu colloids at the highest metal colloids concentration, ac-
counting for 55.4 % at 5 °C, 56.3 % at 20 °C, and 60.2 % at 35 °C,
respectively. CuxS and Cu-carboxyl species also contributed sig-
nificantly to the total amount of Cu colloids, whereas the remaining
species were present in the Cu(I)-Pcoc phase. However, the percentage
of these four species showed no obvious difference between the three
treatments at varying temperatures, indicating that low temperature
only retarded the formation and transformation of Cu colloids but did
not prevent these processes. The higher microbial activity and sulfate
availability promoted and/or accelerated such release and transfor-
mation process of Cu colloids.

4. Conclusions

The present study revealed that reducible sulfate availability and
temperature affected the formation and fate of Cu colloids thus con-
trolling the metal dynamics and mobility in flooded paddy soils. The
amount of sulfate limited the formation of sulfide during the flooding,
reduced the release of metal colloids, and constrained the transforma-
tion of colloids into metal sulfide species. The metal sequestration was
primarily consistent with the predicted thermodynamically sulfate
ladder, which was reflected by the observation that Cu colloids were
released prior to other chalcophile metals (Cd, Pb, Zn). In the high
sulfate availability, the presence of much more biogenic sulfide resulted
in the faster deposition of Cu colloids with the ongoing of the microbial
sulfate reduction, while under the low sulfate condition, lower over-
saturation caused more uniform agglomeration and greater average
particles sizes. Therefore, the amount of reducible sulfate influenced
the release, transformation and deposition of Cu colloids and controlled
the Cu solubility and mobility in flooded soils.

Our study also found that temperature affected the environmental
behavior of Cu colloids by changing the microbial activity that is im-
portant for many biogeochemical reactions such as Fe and sulfate re-
duction. The higher temperature caused earlier and enhanced forma-
tion and precipitation of Cu colloids, which increased the mobilization
of the metal contaminant over shorter periods of flooding time. In
contrast, although lower temperature lowered the release of Cu colloids
and also slowed down this release, the colloids were present obviously
over the entire flooding period of 30 days. Thus, the risk of mobile Cu
colloids during longer periods of time at low temperature should be
further considered. Despite the temperature variation, the colloids
could be still transformed from Cu(0) to CuxS species, indicating that
low temperature only retarded the formation and transformation of

colloids but did not prevent these processes. Overall, our results man-
ifest that a series of factors need to be considered in the risk assessment
of heavy metal contaminants in floodplain soils, such as soil chemical
parameters, trace metals concentration, amount of biogenic sulfide, and
environmental temperature.
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