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The interfacial behaviors of chromium are fundamental for understanding the environmental effects of
chromium in contaminated environments. However, complex surfaces can cause chromium to exhibit a
variety of behaviors, especially when humic substances are considered. This work illustrated the role of
humics (humic acid and fulvic acid) during the adsorption of Cr(VI) onto iron minerals (magnetite and
hematite). The interfacial behaviors were investigated through their adsorption Kkinetics, adsorption
isotherms, and thermodynamics. Then, the microbial diversity was monitored to reflect the bio-effects of
Cr(VI) adsorbed onto four iron oxide-humic complexes. The differences in the adsorption capacities and

'C(E};‘;V;rlism mechanisms of Cr(VI) on the surfaces of the iron mineral-humic complexes were observed. Humics
Humic substance obviously decreased the adsorption capacities of Cr(VI) on the hematite complexes and relieved the
Iron mineral decline in the microbial diversity; meanwhile, humics imposed relatively insignificant changes to the
Microbial diversity Cr(VI) adsorption capacity onto the magnetite complexes. Thus, the corresponding microbial diversity
Adsorption might be mainly affected by released micelles formed by Cr(VI) and humics. These results illustrate the

complexities of the interfacial behaviors of Cr(VI) on the surfaces of iron mineral-humic complexes and
broaden the current understanding of chromium migration and transportation.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Chromium-contaminated soils have long been considered as an
environmental problem (Kazakis et al., 2018; Brose and James,
2013). Moreover, based on a sampling survey, the ratio of
contaminated soil is still increasing (IVILR, 2014). The migration,
transformation, and bioavailability behaviors of chromium are
dominated by interactions at the solid-fluid interface, especially
along the interfaces of iron oxides (Zachara et al., 1987). Although
the interfacial reactions would be decided by multiple reasons
including environmental conditions (pH, ionic strength, and tem-
perature, etc.) and interfacial properties. This work only focuses on
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interfaces of iron mineral-humic complexes by controlling envi-
ronmental parameters. The changes of interfacial reactions can
alter the pathways and kinetics, and consequently result in chro-
mium exhibiting distinct bio-effects. For example, Cr(VI) is mainly
reduced to Cr(Ill) and chelated by hydroxy groups on the surface of
Fe(Il) (Kendelewicz et al., 2000; Grossl et al., 1997), while the
adsorption of Cr(VI) by Fe(Ill) is mainly achieved by ion exchange
between hydroxy and Cr(VI) (Cao et al, 2012). Although some
studies have been reported on this topic, more complex mineral
interfaces are expected to be critical and predominant in different
environments (Batchelli et al., 2010; Hiraide, 1992; Tipping et al.,
2002).

Humic substances are heterogeneous and functional group-rich
organic molecules (Lovley et al., 1996) that account for 60% of the
overall dissolved organic carbon in aquatic systems (Stevenson,
1994). When humics interact with minerals, negatively charged
humics are likely to be retained on positively charged mineral
surfaces. Thus, the interactions between humics and minerals could
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alter the original properties of either substance and generate
complex humic minerals (Hu et al., 2010). For example, magnetite
that is coated with humic acid could prevent the transformation of
the mineral core during an interaction with Cr(VI) (Jiang et al,,
2014). Nevertheless, it is worth mentioning that complicated hu-
mics include both soluble humic acid and fulvic acid (Hiraide,
1992). Meanwhile, the minerals that can interact with humics
encompass various structures with different properties. Hence, it is
necessary to systematically study the performances of chromium
on the interfaces of various humic minerals with different proper-
ties rather than focus on only one model interface.

Shifts in microbial communities are mainly influenced by
environmental pollution within contaminated soils (Nannipieri
et al.,, 2003). Microbial processes link the fluxes of cyclic elements
and drive the cycles of multiple nutrients. Therefore, the microbial
diversity, which represents one of the key parameters of microbial
communities, could be used to reflect the bio-effects of heavy metal
pollution (Brookes, 1995). Meanwhile, the bio-effects of Cr(VI) are
determined by multiple factors, including interfacial adsorption
and released micelles. Humics may favor the toxic persistence of
Cr(VI) relative to microbial communities because humics cn form
micelles with Cr(VI) (Leita et al., 2009). In this work, we focus on
the interactions between humics and Cr(VI) and address the role of
interfacial adsorption on the bio-effects of chromium.

In this study, the interactions between various iron mineral-
humic complexes and Cr(VI) were systematically studied by
investigating two minerals, namely, magnetite and hematite, and
two humics, namely, humic acid and fulvic acid. Four complexes,
including magnetite-humic acid (Mag-HA), magnetite-fulvic acid
(Mag-FA), hematite-humic acid (Hem-HA) and hematite-fulvic acid
(Hem-FA), were applied to explore their interactions with Cr(VI),
each of which was deeply explored with regard to their adsorption
kinetics, isotherms, and thermodynamics. From the perspective of
bio-effects, the four complexes were added into soil after being
coated with Cr(VI) to investigate the shifts in microbial diversity.
This work could provide comprehensive insight into how humics
change the interfacial behaviors of Cr(VI) and the resulting bio-
effects.

2. Experimental methods

Synthesis of iron minerals. Magnetite (Mag) was synthesized
using a modified hydrothermal method (Liu et al., 2008). In brief,
3.66 g of FeCl3 and 4.20 g of FeSO4 were dissolved in 100 mL MilliQ
water (Millipore Corporation, Billerica, MA, USA), after which the
solution was heated to 90 °C before the addition of 10 mL of NH4OH
(25%). The mixture was kept at 90 °C, stirred for half an hour, and
cooled to the ambient temperature. Subsequently, the black pre-
cipitates were gathered and washed until the pH of the supernatant
was neutral. Hematite (Hem) was also synthesized using the hy-
drothermal method. In brief, 50 mL of FeCl; solution (1 M) was
added one drop at a time into 450 mL of boiling MilliQ water,
following which the solution turned from golden brown to dark
red. After adding the final drop, the solution was heated for 5 min.
Then, the solution was cooled to the ambient temperature and
dialyzed for approximately 48 h in a solution of HCIO4 (pH 3.5)
(Mulvaney et al., 1988). The methods employed for the structural
characterization are described in the Supporting Information.

Preparation of the iron mineral-humic complexes. The iron
mineral-humic complexes were obtained by absorbing excess hu-
mic acid or fulvic acid onto magnetite or hematite (Iglesias et al.,
2010). In brief, humic acid was dissolved in a 20 mM NaCl solu-
tion before its pH value was adjusted to 7 using a 5% (w/w) HCl or
NaOH solution, thereby forming a 600 mg L~! humic acid solution.
Then, 200 mg of either magnetite or hematite was added toa 1L

flask containing a 250 mL humic acid solution. The flask was shaken
at 150rpmat a temperature of 298K in the dark for 24 h. The
mixture was then centrifuged at a speed of 7800 rpm for 10 min,
after which the precipitates were collected and washed three times.
The Mag-HA or Hem-HA complexes were obtained after the pre-
cipitates were freeze-dried. Except for the replacement of humic
acid with fulvic acid, the Mag-FA and Hem-FA complexes were
prepared similarly.

Procedure of Cr(VI) adsorption. All of the Cr(VI) adsorption
batch experiments were accomplished in 50 mL flasks within
temperature-controlled shaking incubator at a speed of 150 rpm.
The Cr(VI) solution was obtained by dissolving K;Cr,07 into 20 mM
of NaCl, and the pH value of the solution was altered to neutral
using a 5% (w/w) HCl or NaOH solution. After cultivation, the
samples were taken from the flasks using syringes and were sub-
sequently filtered using 0.22 pm filters.

To derive their kinetic curves, 15 mg of each mineral complex
(i.e., Mag, Mag-HA, Mag-FA, Hem, Hem-HA, and Hem-FA) was
added to a 10 mL Cr(VI) solution with concentrations of 5, 8 or
10mg L™, after which the mixtures were sampled at fixed time
intervals. The adsorption isotherms were carried out at 298K,
308 K, and 318 K. In all, 20 mg of Mag, 20 mg of the Mag-HA, Mag-
FA, Hem-HA, and Hem-FA complexes, and 10 mg of Hem were
added to 10 mL Cr(VI) solutions with concentrations varying from 2
to 26 mgL~! (2—30 mgL ! for Mag-FA), after which samples were
taken after 24-h cultures. The Cr(VI) complexes obtained under
298 K were collected for biological experiments. The initial and
residual Cr(VI) were both analyzed at 540nm using an
ultraviolet—visible  (UV—Vis) spectrophotometer (UV-1200,
Mapada, China) (Yang et al., 2014). The quantities of Cr(VI) adsorbed
onto the iron oxides or iron oxide complexes were calculated using
the following equation:

1% (1

C0 —Ce
Qe = m
where g, is the Cr(VI) adsorption capacity at adsorption equilibrium
(mg g 1), Cp and C, are the initial concentration and equilibrium
concentration of Cr(VI) in the solution (mg L~ 1), respectively, V is
the volume of the Cr(VI) solution (L) and m is the weight of the iron
oxide or iron oxide complex (mg).

Soil microcosms of iron oxides and iron oxide-humic com-
plexes. Soil samples (at depths of 5—20 cm) were collected from a
paddy field located in Xiamen (Fujian, China, 24°37'18"N,
118°2’34”E). To minimize spatial disparities, approximately 4 kg of
soil was mixed to form homogeneous samples prior to the exper-
iments. Twelve soil microcosms with volumes of 60 mL were mixed
with different mineral complexes (i.e., Mag, Mag-HA, Mag-FA, Hem,
Hem-HA, and Hem-FA) either with or without Cr(VI) in sealed
bottles. The ratio of soil was regulated at 18% to maximize microbe
activity (Ge et al., 2011), and the exposure dosage of each mineral
complex was 1%o. The microcosms were incubated at 25 °C in the
dark, and samples were taken after 10 and 20 days. The batch
experimental design engendered 72 microcosms with 3 duplicates
per exposure dosage.

Soil DNA extraction and bacterial community analysis. Each
soil sample was entirely mixed, and the extraction and purification
of genomic DNA were conducted following a previous report (Yang
et al., 2007). The methods employed for the quantification and
sequencing of the purified genomic DNA were described in a pre-
vious paper (Zheng et al., 2014a). In brief, the genomic DNA was
polymerase chain reaction (PCR) amplified to obtain the V4-V5
region, after which the PCR products were purified before con-
structing libraries for Illumina MiSeq sequencing. The sequenced
data were processed using the Quantitative Insights Into Microbial
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Ecology (QIIME version 1.9) pipeline. The diversity of the bacterial
community in each soil sample was evaluated using two indexes,
namely, the observed species and Chaol.

3. Results and discussion

Structural characterization of the mineral-humic complexes.
The functional groups of humic acid and fulvic acid were first
characterized using Fourier-transform infrared spectroscopy (FTIR)
(Fig. S1). The C-O functional groups at 1043 cm~! shared by humic
acid and fulvic acid can complex with the surfaces of both
magnetite and hematite (Gu et al., 1994). Nonetheless, there is a
large variety of functional groups (e.g., C=C and N-H) in fulvic acid
that could present additional binding sites for adsorption
(Table S1).

First, the two precursor iron oxides were observed through
transmission electron microscopy (TEM), both of which were
approximately 10 nm in diameter (Fig. S2). Then, the two iron ox-
ides were identified via X-ray diffraction (XRD), the results of which
revealed that they were consistent with expected iron minerals
(Fig. S3), i.e., magnetite (Mag) and hematite (Hem). After humics
were coated onto the minerals, the structural characterization of
each mineral-humic complex (Mag-HA, Mag-FA, Hem-HA, and
Hem-FA) was performed based on the crystal structure (via XRD),
the surface area and pore size (via their N, adsorption-desorption
isotherms), and the stability of the colloidal dispersion (via the
zeta potential). The crystal forms of the original iron minerals
coated with humics did not change (Fig. S3). As shown in Fig. 1AB,
the N, adsorption-desorption isotherms of the minerals and
mineral-humic complexes can be classified as type IV with an H2

A 210

Iron  Mesopore pore Micropore Total surface area

- oxides  volume (cc/g) area (m?/g) (m*/g)
& 1809 ™ Mag 026 3.19 8025
©n Mag-HA 021 0.0 7427
"_‘&n 150 4 _Mag-FF 0.21 0.0 71.95
-]
)
= 120
D
)
-
2 904
-]
<
& 60
- 2" ——Mag
g 30 == Mag-HA
—— Mag-FA
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/Po)
451 —=— Mag
— Mag-HA
304 n —A— Mag-FA
S ~
E 54 4
E
g 3 \
2 \
-9
= =154 A u
N N\,
-304 \‘*\A\
a—A—a_ 4
451 =
2 3 4 5 6 7 9 10 11
pH

267

hysteresis loop (Sing et al., 1985). Furthermore, based on the
Brunauere-Emmette-Teller model, the specific surface areas of
magnetite and hematite were 80.25 and 104.02 m?g~!, respec-
tively. The humic acid coating decreased the total surface areas of
the iron minerals, and the fulvic acid coating did the same to a
greater extent. Even so, the absorption of Cr(VI) onto each mineral-
humic complex was determined by examining multiple factors,
including their specific surface areas and functional groups. As
shown in Fig. 1CD, the pH values of the point of zero charge (pHzpc)
of magnetite and hematite were 6.5 and 7.4 respectively, which are
similar to the findings of previous investigations (Chang and Chen,
2005; He et al., 2008), while the pHzpc values of the mineral-humic
complexes obviously decreased after being coated with humic acid
and fulvic acid. That is, the humic acid and fulvic acid coatings
similarly lowered the pHzpc values of magnetite and hematite
(Fig. 1CD). A decline in the pHzpc value would increase the stability
of an iron mineral-humic complexes and decrease the electrostatic
attraction between Cr(VI) and a mineral surface (Zhang et al., 2017).

Interactions between the mineral-humic complexes and Cr(VI).
Compared with the original iron minerals, the iron mineral-humic
complexes exhibited different surface performances based on the
abovementioned structural characterization. To understand the
interactions between the mineral-humic complexes and Cr(VI), we
demonstrated the associated processes in detail from three per-
spectives: their adsorption Kkinetics, adsorption isotherms, and
thermodynamics.

Adsorption kinetics. Since Cr(VI) is a heavy metal, its adsorption
kinetics were investigated to confirm whether a pseudo-first-order
model or a pseudo-second-order model would effectively fit the
adsorption performances of Cr(VI) onto the various mineral-humic
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Fig. 1. The N, adsorption-desorption isotherms of the magnetite group (A) and hematite group (B) and the zeta potentials of the magnetite group (C) and hematite group (D) (Mag:
magnetite; Mag-HA: magnetite-humic acid complex; Mag-FA: magnetite-fulvic acid complex; Hem: hematite; Hem-HA: hematite-humic acid complex; Hem-FA: hematite-fulvic

acid complex).
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complexes. Detailed information regarding both the pseudo-first-
order model and the pseudo-second-order model are available in
the Supporting Information. The pseudo-second-order model
demonstrated a better fit (Fig. 2) with a high correlation coefficient
(R*>0.992) than the pseudo-first-order model (Table S2 and
Table S3). Accordingly, the pseudo-second-order model better re-
flected chemical adsorption processes involving valence forces
through the sharing or exchange of electrons (Qiu et al., 2009).

According to the reflection characteristics observed during X-
ray photoelectron spectroscopy (XPS) of the chemical adsorption
(Fig. S4ABC and Fig. S4EF), Cr(VI) and Cr(IIl) coexisted on all of the
surface types except that of hematite, because the Fe(Il) compo-
nents of magnetite and humics within mineral-humic complexes
can trigger the reduction of Cr(VI) to Cr(Ill) (Jiang et al., 2014).
Compared with the adsorption of Cr(VI) by magnetite and by the
mineral-humic complexes, the adsorption of Cr(VI) by hematite
may be primarily related to the ion exchange of hydroxy groups on
the surfaces of hematite and Cr(VI) (Cao et al., 2012). Thus, no Cr(III)
was detected in the XPS spectra (Fig. S4D).

Adsorption isotherms. The quantities of Cr(VI) (gmax) absorbed
onto the iron minerals and iron mineral-humic complexes were
analyzed under three different temperatures at equilibrium (Fig. 3).
For the magnetite complexes, the gmax of both Mag-HA and Mag-FA
rose with an increase in the temperature, but the gmax of Mag
showed an opposite trend. For the hematite complexes, the gmax of
Hem and Hem-HA decreased with an increase in the temperature,

Z. Zheng et al. / Environmental Pollution 241 (2018) 265—271
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Fig. 3. The maximum sorption capacity (qmax), Langmuir constant (K;) and Freundlich
constant (Kg) of Cr(VI) onto different mineral surfaces at equilibrium (Mag: magnetite;
Mag-HA: magnetite-humic acid complex; Mag-FA: magnetite-fulvic acid complex;
Hem: hematite; Hem-HA: hematite-humic acid complex; Hem-FA: hematite-fulvic
acid complex).

temperature. This indicates that the adsorption capacities of Cr(VI)
onto Mag-HA, Mag-FA and Hem-FA are favorable at higher tem-
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Fig. 2. Pseudo-second-order plots for Cr(VI) adsorption (Mag: magnetite; Mag-HA: magnetite-humic acid complex; Mag-FA: magnetite-fulvic acid complex; Hem: hematite; Hem-

HA: hematite-humic acid complex; Hem-FA: hematite-fulvic acid complex).
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magnetite, hematite, and Hem-HA are favorable at lower
temperatures.

To further explore the adsorption isotherms, we constructed
adsorption isotherm models according to four classic models (i.e.,
the Langmuir, Freundlich, Temkin, and Brunauere-Emmette-Teller
models) based on the experimental data under different
temperatures.

The Langmuir model shown in equation (2) (Wu et al., 2014) was
fitted using the experimental data with a high correlation (Fig. S5,
Table S4, and Table S5):

%_ Ce 1
Ge  Gmax  GmaxKp

(2)

where C, is the equilibrium concentration of Cr(VI) (mg L™1), g is
the quantity of Cr(VI) absorbed at equilibrium (mg g~ 1), qmax is the
maximum adsorption capacity of Cr(VI) corresponding to a full
monolayer coverage (mg g~ '), and K; is the Langmuir constant (L
mg~ 1), which is the ratio of the adsorption/desorption rates asso-
ciated with the energy of adsorption.

Based on the Langmuir model, the range of R; values was
concentrated between 0.003 and 0.058 (Table S4 and Table S5),
suggesting that Cr(VI) was prone to adsorb onto the surfaces dis-
cussed in this study (Nethaji et al., 2013). As shown in Tables S4—S5,
the coating of humic acid onto either magnetite or hematite
resulted in minimum K; values among the corresponding minerals.
This suggests that the binding energies between Cr(VI) and the
mineral-humic acid complexes were lower than those between
Cr(VI) and the minerals and mineral-fulvic acid complexes (Tang
et al.,, 2014). It is therefore reasonable to assume that the binding
energies between Cr(VI) and the humic acid molecules are weaker
than those between Cr(VI) and the fulvic acid molecules and the
magnetite and hematite sites. Such loose binding energies may
cause the release of adsorbed Cr(VI) into the environment, further
disrupting the microbial ecology.

The Freundlich adsorption isotherm is also presented mathe-
matically in equation (3) (Freundlich, 1906), and the fitting plot as
well as the corresponding parameters are presented at Fig. S6,
Table S6, and Table S7:

Inge — InKp + %lnCe 3)

where K is a Freundlich constant associated with the adsorption
capacity (L g~ 1), and 1/n is an empirical parameter demonstrating
the favorability of the adsorption process. A straight line was ob-
tained when Ing, was plotted against C, (Fig. S6); these two pa-
rameters were calculated from the intercept and slope of the
corresponding plot (Table S9 and Table S10).

According to the Freundlich model, we also concluded that the
adsorption of Cr(VI) was favorable on all of the surfaces because all
of the 1/n values were far less than 1 (Table S6 and Table S7) (Wu
et al,, 2014). The gmax values derived from the Langmuir model
and the Kr values from the Freundlich model both reflect the
adsorption capacity, and they exhibited identical tendencies
(Tables S4—S7). The adsorption capacities (i.e., gmax and K) of the
Mag-HA and Hem-HA complexes were minimal among the four
complexes based on magnetite and hematite, indicating that the
coating of humic acid onto the mineral surfaces resulted in a rela-
tively low Cr(VI) adsorption. Meanwhile, the adsorption capacity of
Mag-FA was the highest among the magnetite complexes, and the
adsorption capacity of hematite was the highest among the he-
matite complexes. These adsorption capacities reflected by gmax
and Krare also consistent with the quantities of Cr(VI) (qe) absorbed
onto surfaces.

The Temkin model further assumes that the heat of adsorption
of all adsorbate molecules in a layer would decline linearly rather
than logarithmically (Aharoni and Ungarish, 1977). Moreover, the
Brunauere-Emmette-Teller model states that Cr(VI) could be
adsorbed onto the surfaces of mineral complexes to form multiple
layers in a random distribution. Detailed information regarding the
Temkin isotherm and Brunauere-Emmette-Teller isotherm models
can be found in Figs. S7—8 and Tables S8—11.

Thermodynamics. To better understand how Cr(VI) was
adsorbed onto the various mineral surfaces, three thermodynamic
parameters, namely, the changes in the standard free energy (AG?),
enthalpy (AH%), and entropy (AS?), were calculated using equations
(4)—(6) (Gupta et al., 2006):

AG® = —RTInb (4)
T, . b
0 _ 112 b1
AH _RT] - lnb2 (5)
0 _ 0
450 — AH = AG (6)

where b is the Langmuir constant (the units of K; should be altered
into milligrams per gram to calculate AG?) at a temperature T, and R
is the universal gas constant.

Based on the resulting thermodynamic parameters (Fig. 4), the
adsorption of Cr(VI) onto each mineral surface was spontaneous,
which is justified by the positive values of AS® and the negative
values of AG? (Niwas et al., 2000). Moreover, because all of the AG?
values in this study ranged from —20 to —80 k] mol~! (Weng et al.,
2009), the adsorption processes of Cr(VI) onto the mineral surfaces
included both physisorption and chemisorption. Meanwhile, all of
the AHC values for the mineral surfaces were positive except for
that of Hem-HA, which was negative. Therefore, the adsorption of
Cr(VI) onto Hem-HA was dominated by physisorption, since phys-
isorption processes are exothermic (Huang and Wan, 2009). The
adsorption processes could determine the adsorption stability.
Normally, chemisorption is stronger than physisorption.

Mineral-humic complexes with Cr(VI) shifts in the microbial
diversity. To evaluate how the mineral-humic complexes affected
the microbial communities after binding with Cr(VI), this work
investigated the shifts in the bio-diversity of the paddy soil samples
with the addition of the mineral complexes (i.e., Mag-HA, Mag-FA,
Hem-HA, and Hem-FA) with Cr across 20 days. The genomic DNA
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Fig. 4. The changes in the standard free energy (AG®), enthalpy (AH®), and entropy
(AS?) of the adsorption of Cr(VI) onto the mineral surfaces (Mag: magnetite; Mag-HA:
magnetite-humic acid complex; Mag-FA: magnetite-fulvic acid complex; Hem: he-
matite; Hem-HA: hematite-humic acid complex; and Hem-FA: hematite-fulvic acid
complex).



270

was sampled and isolated on the 10th and 20th days for
sequencing. The observed species and the Chaol index were
calculated at a sequencing depth of 38 900 reads per sample. These
two indexes were used to compare and estimate the diversity of
each microbial community (Zheng et al., 2014b). The trend of the
observed species was consistent with the Chao1l index across all
samples (Fig. 5). For the control groups without the addition of Cr,
the coating of humic acid onto either magnetite or hematite
increased the diversity index more than the coating of fulvic acid.

In contrast to the control groups, the microbial diversity indexes
of the samples evidently decreased after adding the complexes
with Cr. To facilitate a convenient comparison of the changes in the
bio-diversity, AD was defined as the parameter reflecting the
decrease in the bio-diversity in the minerals/complexes without
Cr(VI) relative to the minerals/complexes with Cr(VI). For the
samples with magnetite complexes, ADjyqg Was approximately 1.5
times less than ADyqg-Ha and 2 times less than ADpqg_ra because the
micelles are capable of persisting the toxicity of Cr(VI) (Leita et al.,
2009). Meanwhile, ADyer, was the highest among the samples with
hematite complexes since the largest amount of adsorbed chrome
was accomplished in a hexavalent valence state. From the
perspective of humic substances, Mag-HA and Mag-FA accelerated
the decrease in bio-diversity among the magnetite complexes.
However, when the same two types of humics participated with
hematite, the drops of ADpem-pa and ADyem-pa Were relieved
because of the limited toxicity retention of Cr(VI) within micelles.
Therefore, when humics are complexed with various iron minerals,
different humics could play different roles in the shift of the bio-
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bio-effects upon being complexed with different minerals.

The bio-effects of the mineral complexes with Cr(VI) resulted
from multiple factors. Based on the above analysis of the in-
teractions between the mineral-humic complexes and Cr(VI),
adsorption isotherms can provide a quantification of the adsorption
capacities of different mineral-humic complexes; meanwhile, an
examination of the thermodynamics could provide a potential
adsorption stability. A higher adsorption capacity and a smaller
adsorption stability would lead to a greater decrease in the bio-
diversity.

4. Conclusions

This work discussed the interfacial behaviors of Cr(VI) adsorbed
onto the surfaces of iron mineral-humic complexes. Four types of
iron mineral-humic complexes (Mag-HA, Mag-FA, Hem-HA, and
Hem-FA) were constructed from two types of humics (i.e., humic
acid and fulvic acid) and two types of minerals (i.e., magnetite and
hematite). The interfacial behaviors were studied according to their
adsorption kinetics, adsorption isotherms, and thermodynamics.
All of the adsorption parameters were fitted well using a pseudo-
second-order model, indicating that chemisorption played a sub-
stantial role. The adsorption capacities of Cr(VI) onto Mag-HA, Mag-
FA, and Hem-FA were favored at higher temperatures, while those
onto Mag, Hem, and Hem-HA were favored at lower temperatures.
Moreover, humic acid molecules on iron minerals have weaker and
smaller affinities to Cr(VI) than fulvic acid molecules based on the
resulting Langmuir constants and Freundlich constants. A detailed

diversity. Even the addition of one humic substance changed the thermodynamic study illustrated that chemisorption and
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Fig. 5. Microbial diversity indexes of the paddy soil samples shifted by different mineral-humic complexes either with or without Cr (Mag: magnetite; Mag-HA: magnetite-humic
acid complex; Mag-FA: magnetite-fulvic acid complex; Hem: hematite; Hem-HA: hematite-humic acid complex; Hem-FA: hematite-fulvic acid complex). The sample names labeled
with Cr indicate the complexes bonded with Cr(VI). The microbial communities were sampled on the 10th and 20th days, which are suffixed with “1” and “2”, respectively.
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physisorption coexisted in the adsorption of Cr(VI) onto both iron
minerals and iron mineral-humic complexes. In addition, chemi-
sorption was dominant for all iron minerals and iron mineral-
humic complexes except for Hem-HA. In addition, the microbial
diversity was monitored to reflect the bio-effects of Cr(VI) adsorbed
onto iron mineral-humic complexes. The microbial diversity
diminished noticeably after the addition of mineral complexes with
Cr(VI). Humics obviously relieved the adsorption capacity of Cr(VI)
onto the hematite complexes and reduced the decline in the mi-
crobial diversity. Nevertheless, humics were not able to signifi-
cantly change the adsorption capacity of Cr(VI) onto the magnetite
complexes, and thus, the corresponding microbial diversity might
be mainly affected by the released micelles. These results illustrate
the complexities associated with the interfacial behaviors of Cr(VI)
on the surfaces of iron mineral-humic complexes and broaden the
existing understanding of chromium migration and transportation.
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