Environmental Science and Pollution Research (2018) 25:16913-16921
https://doi.org/10.1007/s11356-018-1878-5

RESEARCH ARTICLE

@ CrossMark

Reduction mechanism of hexavalent chromium by functional groups
of undissolved humic acid and humin fractions of typical black soil
from Northeast China

Jia Zhang' - Huilin Yin" - Hui Wang - Lin Xu" - Barnie Samuel’ - Fei Liu' - Honghan Chen'

Received: 30 October 2017 / Accepted: 26 March 2018 /Published online: 5 April 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Soil organic matters (SOM) have a great retention effect on Cr(VI) migration in subsurface environment, which act as the main
electron donors for Cr(VI) reduction; however, Cr(VI) reduction mechanism by different SOM fractions is still unclear, such as
undissolved humic acid (HA) and humin (HM). In this study, HA and HM fractions extracted from typical black soil from
Northeast China were used to investigate the reaction mechanism between humus functional groups and Cr(VI). According to the
results, phenol and hydroxyl were determined as the main electron donors for Cr(VI) reduction by HA and HM instead of
carboxyl and carbonyl, which were more likely involved in Cr complexation. Furthermore, Cr(VI) reduction was more dependent
on aromatic carbon, rather than aliphatic carbon, and functional groups on the particle surfaces of HA and HM were much more
active for Cr(VI) reduction than their interior part. Additionally, HM was found to have a relatively low Cr(VI) reduction
capability compared with HA resulting from its high content of cellulose structures that are quite resistant to Cr(VI) oxidation.
These results suggest that in the soil environment, undissolved HA tends to play a much more important role than HM in Cr(VI)

reduction and retention in the condition that their mass contents are comparable.
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Introduction

Chromium is widely used in the industry, such as
electroplating, leather tanning, and dyeing. Unsuitable storage
and improper disposal of the leakage have led to many in-
stances where chromium is released into subsurface environ-
ment, and this has made chromium become one of the most
common heavy metal pollutants in soil and groundwater
(Dhal et al. 2013; Hsu et al. 2010; Wittbrodt and Palmer
1996). Compared with other heavy metals, chromium chem-
istry is more complex, because it cannot only exist in various
oxidation states, but also able to exist as anions and cations
(Raddatz et al. 2011). In natural environment, Cr(VI) is
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mainly generated from anthropogenic activities, and it exists
as various species of anions under different pH conditions,
such as Cr,0,>, HCrO, ", and CrO,>", which are all of high
mobility and strong toxicity to human (Nickens et al. 2010).
On the contrary, Cr(Ill) exists as cations, such as crt,
Cr(OH)**, and Cr(OH),", that are readily adsorbed onto neg-
atively charged sediment particles, and Cr(III) is the essential
trace element needed by human body, the toxicity of which is
at least two magnitude lower than that of Cr(VI) (Brose and
James 2010; Kozuh et al. 2000). Therefore, the reduction of
Cr(VD) to Cr(IIl) is regarded as the most crucial natural pro-
cess to reduce the environmental risk of chromium by decreas-
ing its mobility and toxicity (Fendorf 1995; Jardine et al.
1999; Kimbrough et al. 1999).

Generally, soil layer has a great retention effect on the mi-
gration of Cr(VI) infiltrating from surface, and the existences
of soil organic matter (SOM), Fe(Il), and S(II) are considered
to be responsible for this process. They act as main electron
donors for Cr(VI) reduction, and then, the generated Cr(III) is
much more readily adsorbed or precipitated on soil particles
(Hsu et al. 2009). However, Fe(I) and S(IT) are very unstable
under oxic soil condition, and thus, SOM is considered to play
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the most important role for the reduction of Cr(VI) in the soil
environment (Al-Abadleh et al. 2005). Even though much
work so far has focused on the relationship between SOM
and Cr(VI) reduction and adsorption, considering that SOM
is of high chemical heterogeneity that can be classified into
humic acid (HA), fulvic acid (FA), and humin (HM) according
to their solubility in alkaline and acidic solutions (Van and
Comans 2007; Zhang et al. 2013); it is of great scientific
significance to reveal the reaction mechanism between
Cr(VI) and various SOM fractions. Particularly, HM has been
reported to play a much more important role compared with
HA in polycyclic aromatic hydrocarbons (PAHs) sorption
(Bonin and Simpson 2007; Tang et al. 2008; Zhang et al.
2009a), and it is widespread in soil matrix and contributes to
more than 50% of organic carbon in soils (Simpson et al.
2007; Watanabe and Kuwatsuka 1991). However, to our
knowledge, there are few studies devoted to interaction be-
tween Cr(VI) and HM, especially the effect of differences
between HA and HM from a single soil sample.

Undissolved HA and HM are the major constituents of
SOM with quite different properties (Zhang et al. 2009b).
HA has a high content of polar functional groups, such as
aromatic carboxyl groups, phenols and hydroxyls, while HM
has much higher molecular weight with higher percentage of
aliphatic structures and apolar functional groups, such as car-
bonyl, esters, and ethers (Yang et al. 2011). The essential
process of Cr(VI) reduction by SOM is the oxidation of re-
ductive organic functional groups (Zhang et al. 2017a, 2018),
and thus, we can hypothesize that the differences in functional
groups and molecular structure between HA and HM would
induce dissimilar reduction mechanism for Cr(VI). Therefore,
it is of great importance to reveal the mechanism between
Cr(VI) and various SOM fractions, which will help better
understand the impact of each individual component of soil
on Cr(VI) fate in the environment.

In this work, HA and HM were extracted from a typical
black soil (corresponding to Mollisol soil according to USDA
soil classification system) collected from Northeast China,
which is one of the three most important black soil regions
worldwide. Compared with the other two black soil regions
(the great plains of Ukraine and the Mississippi River basin of
America), the black soil region in Northeast China is quite
different in the vegetation form, types of parent rock, temper-
ature, precipitation, and geomorphic features, which may lead
to various characterizations of humus in the black soil under
different humification conditions. At present, the International
Humic Substances Society (IHSS) only supplies standard hu-
mic acid and fulvic acid extracted from the Elliott soil collect-
ed from Mississippi River basin and reference ones extracted
from soil collected from Summit Hill of New Zealand, but
there are still no available standard or reference humic acid,
fulvic acid, or humin extracted from typical black soil in
Northeast Asia. Consequently, the extraction of humus
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fractions from typical black soil in Northeast China and study-
ing their environmental features will benefit the understanding
of environmental processes of various pollutants influenced
by soil humus in this area and promote the comparisons of
molecular characterizations and environmental implications
between humic substances from various black soil regions.
In addition, the utilization of HA and HM from a single soil
sample was aimed to eliminate the effect of various minerals,
precursors of SOM, and other factors on Cr(VI) reduction.

It should be emphasized that the HA mentioned in this
paper mainly refers to its undissolved form, the content of
which is generally two magnitude higher than that of dis-
solved HA in soil matrix (Xiao et al. 2012), and thus, the
undissolved HA is suggested to play a far more important role
in the reduction and retention of Cr(VI) compared with dis-
solved HA in subsurface environment. Additionally, the pre-
liminary experiment was conducted under pH ranging from
1.0 to 5.0, and it was found that the lower pH was beneficial
for the retention of Cr(VI) by HA. Therefore, in order to get
the results within an acceptable time scale and make HA main-
tain its undissolved form, we mainly presented the results
obtained at pH 1.0. This situation is equally common in con-
taminated sites associated with electroplating and leather tan-
ning industries (Dermentzis et al. 2011; Liu et al. 2011), where
the extremely acidic wastewater (pH 1.0) discharged into the
environment directly or by the means of seepage pits have
been reported in many sites (Hsu et al. 2007). The objectives
of this study were to (1) investigate the differences on func-
tional groups and molecular structures between undissolved
HA and HM fractions of typical black soil sample from
Northeast China, (2) determine Cr(VI) reduction processes
by HA and HM, and (3) reveal the mechanism of HA and
HM functional groups for Cr(VI) reduction.

Materials and methods
Soil sample source

The black soil sample was obtained from an undisturbed area
at the valley to the southwest of Daqiao Township, Dunhua,
Jilin Province (43°19'15"N, 128°21'17"E). The black soil
consists of very deep, somewhat poorly drained soils on ba-
salts. Mean annual precipitation is about 645.8 mm, and mean
annual air temperature is about 2.1 °C. The plants in the region
are mainly of mixed deciduous coniferous broad-leaved for-
est, and meadow vegetation exists as well. The soil sample
was collected from the surface layer within the depth of 30 cm,
and then naturally air-dried, ground to homogeneous, passed
through a 100-mesh sieve, and stored in sealed brown glass
bottles before treatment. The chemical composition, organic
matter content, and pH are summarized in Table 1.
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Table 1 Chemical composition, organic matter content, and pH of the
soil sample

Chemical composition (%) OM (%)* pHKClb
SiO, ALO;  FeO; KO o CaO

47.32 16.46 5.57 2.73 1.21 19.36 3.55

*The content of organic matter was determined by Walkley-Black
procedure

® The pH value was measured at soil to 1 M KCl solution ratio of 1:2.5 (w/

V)

Extraction and characterization of HA and HM

The extraction of HA and HM refers to the recommended
method by IHSS with minor modification. Briefly, a certain
amount of soil sample was shaken for 24 h at 50 °C with 0.1 M
NayP,0-/0.1 M NaOH solution with soil to solution ratio of
1:10 (w/v), and the air in the bottle was replaced with N,.
Subsequently, the suspension was centrifuged at 3000 rpm
(2682g) for 30 min, and the supernatant and residue were
collected, respectively. This process was repeated for 20
times, and the first six batches of suspensions were mixed
for HA extraction. The pH of the mixed supernatant was ad-
justed to 1 by adding 6 M HCI to make HA precipitate, and
then, HA sample was separated by centrifugation. The HA
was redissolved by adding 0.1 M KOH/0.3 M KCI under
N,, and then centrifuged to remove the suspended solids.
HA was reprecipitated by adding 6 M HCI to adjust pH to 1,
and the HA precipitate was suspended in 0.1 M HC1/0.3 M HF
solution in a plastic container and shaken overnight at 50 °C.
The residue (HM) was deashed with 0.1 M HC1/0.3 M HF
solution for 10 times. HA and HM were transferred to dialysis
tubes (Viskase Co., 3500 Da) by slurring with water and dia-
lyze against distilled water until the dialysis water gives a
negative Cl  test with AgNO5;. Both HA and HM were
freeze-dried, ground gently to pass through 100-mesh sieve,
and stored in sealed brown glass bottles before usage.

The C, H, N contents of all samples were analyzed with
high-temperature combustion method (PE 2400 SERIES II
analyzer, Pekin-Elmer, Inc.), and O content was calculated
by the mass difference. The ash content of samples was deter-
mined by heating at 750 °C for 5 h using muffle furnace. The
content of acidic functional groups was determined by a titra-
tion method described in details elsewhere (Li et al. 2008).
Solid-state cross-polarization magic angle spinning '*C nucle-
ar magnetic resonance (solid-state 13C CP/MAS NMR) spec-
tra of the samples were collected on a Bruker AVANCE 111
400 NMR spectrometer with 4 mm NMR rotors with Kel-F
caps. NMR spectra were obtained by applying the following
parameters: rotor spin rate of 13 kHz, 1 s recycle time, 2 ms
contact time, 20 ms acquisition time, and 10,000 scans.
Chemical shifts were calibrated with adamantane.

Cr(VI) adsorption experiment

A series of 250 ml of Cr(VI) solutions with initial concentra-
tion of 5 mM were added into 300-ml brown flasks containing
125.0+0.5 mg HA or HM. The solution contained a back-
ground electrolyte of 0.01 M NaCl, and the initial pH was
adjusted to 1.0 by 2.5 M HCI. For complete mixing, each
sample was shaken at 25 °C using an incubator shaker with
the agitation of 200 rpm, and all experiments were performed
in triplicate. At given time intervals, a batch of flasks were
taken out, and then, vacuum filtration with 0.45 pum mem-
brane was used to separate all undissolved HA and HM from
the suspensions. The concentration of Cr(VI) in the filtrate
was determined using a UV/Vis spectrophotometer
(SHIMADZU UV-1800) at 540 nm after reacting with 1,5-
diphenylcarbazide (DPC) (Hsu et al. 2010). The separated HA
and HM samples (4 and 60 days) were freeze-dried, and then
characterized by X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR), and solid-
state '*C CP/MAS NMR.

XPS characterization

XPS was measured with Thermo escalab 250XI. The X-ray
excitation was provided by a monochromatic Al Ko (excita-
tion energy 1486.6 eV). The binding energies of the spectra
were corrected using the hydrocarbon component of adventi-
tious carbon at 284.8 eV.

FTIR characterization

FTIR spectra of samples were obtained on an IR spectrometer
(Bruker LUMOS, Germany) at room temperature. All sam-
ples were fully ground to guarantee high homogeneity prior to
tests. The samples were uniformly mixed with dried KBr pow-
der at mass ratio of 1:200. Each spectrum was obtained after
64 scans with 2-cm ™! resolution.

The XPS data fitting was conducted on XPSPEAK 41 soft-
ware. The FTIR data were normalized and denoised by
Savitzky-Golay smoothing before analysis. The data treat-
ment and plot drawing were performed using Excel 2013
and Origin 2016 software, respectively.

Results and discussion

Physicochemical properties of HA and HM

The physicochemical properties of HA and HM, including
bulk element composition, acidic functional group content,
and integrated '*C CP/MAS NMR data are summarized in

Table 2. The ash content of HM was much higher than that
of HA, because HM was considered to be tightly bound to
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Table 2  Bulk elemental composition, atomic ratios, acidic functional groups, and integrated solid-state '*C CP/MAS data of HA and HM

Samples  Bulk elemental composition (Wt%) (N +0)/C*
C H (¢} N

HA 5721  5.63 31.23 3.61 0.46

HM 45.68  4.20 27.80 1.03 0.48

Samples  Chemical shift (ppm) and carbon assignment (%)
0-50 50112 112-145 145-163  163-190
Alkyl  O-alkyl  Aromatic  Phenolic ~ Carboxylic

HA 41.68 1742 17.58 7.23 16.09

HM 4624 2574 14.39 4.90 8.73

Aliphatic C (%)°

59.10
71.98

Ash content (%) -COOH content (mmol/g)  -OH content (mmol/g)
1.01 2.89 3.56
20.86 1.01 1.00

Polar C (%)° Aromatic polar C (%)

40.74
39.37

23.32
13.63

#(N + O)/C: atomic ratio of sum of nitrogen and oxygen to carbon
® Aliphatic C (%): total aliphatic C region (0—110 ppm)

Polar C (%): total polar carbon region (50-110 and 145-200 ppm)
9 Aromatic polar C (%): total polar carbon region (145-200 ppm)

minerals, and very difficult to separate from soil matrix result
from the non-water-soluble property. According to the bulk
elemental composition and element ratio of HA and HM, it
can be found that their (N + O)/C value was comparable,
which indicated that they had nearly the same content of polar
C. However, the content of acidic functional groups for HA
and HM determined by the titration method was quite differ-
ent from each other, even though their contents of polar C
were comparable. The carboxyl and phenol contents for HA
were 2.89 and 3.56 mmol/g, respectively, and that for HM was
only 1.01 and 1.00 mmol/g, and this indicated that HM tends
to contain more apolar oxygen-containing functional groups
than HA, such as ether, ester, and carbonyl, which is in good
agreement with its hydrophobic property (Kang et al. 2003;
Wang etal. 2011). Solid-state '*C CP/MAS NMR was utilized
to determine the C type distributions of HA and HM, and it
was found that HM was more aliphatic compared with HA,
and the polar C contents of HA and HM were similar with
each other, coinciding with the result obtained from the value
of (N+ O)/C. The aromatic polar C content of HA, mainly
carboxyl and phenol, was much higher than that of HM, which
is in accordance with the results obtained from the titration
experiment.

Cr(VI) adsorption by HA and HM

The variations of Cr concentration in solution induced by
reacting with HA and HM are shown in Fig. 1. As indicated,
the attenuation of Cr(VI) concentration in solution induced by
reacting with HA was much more efficient than that with HM,
and the attenuation rates were both rapid at the beginning
stage (stage 1, 0—4 days) and much slower in the following
stage (stage 2, 4-60 days). The change of the reaction rate was
probably due to the fact that different mechanisms were in
charge of the two stages. According to previous studies,
Cr(VI) retention by undissolved HA was considered to follow
an adsorption-reduction mechanism, where Cr(VI) is
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adsorbed onto HA surface through electrostatic attraction or
ion exchange followed by the reduction of HA-bounded
Cr(VI) to Cr(Il) by adjacent functional groups, and then re-
duced Cr(IIT) may remain on the sorbent surface through com-
plexation or be released into solution (Hsu et al. 2009; Janos
et al. 2009; Zhang et al. 2017a, b). As shown in Fig. 1, the
concentration of Cr(T) in solution for both HA and HM de-
creased simultaneously with Cr(VI) in stage 1, and this indi-
cated that the decrease of Cr(VI) concentration in solution was
mainly induced by Cr(VI) adsorption from aqueous phase
onto HA and HM solid phase. In stage 2, Cr(T) concentration
kept almost constant, even though the concentration of Cr(VI)
in solution still decreased with time significantly. This indicat-
ed that Cr(VI) was continuously reduced to Cr(IIl), but nearly
all reduced Cr(III) was released into the solution. According to
the TOC analysis, less than 2% of HA and HM were dissolved
in the solution throughout the experiment due to the low pH
condition (the results were not shown), so the reduction of
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Fig. 1 Adsorption of 5 mM Cr(VI) by HA by HA and HM under
pH 1.0 at 25 °C over 60 days. Error bars are SEM (n =3)
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Cr(VI) in solution can be neglected. Therefore, the release of
Cr(IIT) may be mainly due to the fact that the complexation
sites on HA and HM were saturated by Cr binding.

The increase of Cr(IlI) concentration in solution that was
determined by the difference between Cr(T) and Cr(VI) con-
centration indicated that Cr(VI) was indeed reduced by HA
and HM; however, it is still unclear whether all the Cr(VI)
adsorbed onto HA and HM was reduced to Cr(IIT). To clarify
Cr(VI) reduction extent on HA and HM, XPS Cr2p was
employed to determine the oxidation state transformation of
Cr with time on HA and HM surfaces, and the results are
shown in Fig. 2. As indicated, by the end of stage 1 (4 days),
there was still certain amount of Cr(VI) existing on HA and
HM surfaces that has not been reduced to Cr(Ill), and it is
probably due to the fact that the rate of Cr(VI) adsorption
was much faster than that of Cr(VI) reduction resulting in
the accumulation of Cr(VI) on HA and HM surfaces.
However, by the end of stage 2 (60 days), there was no
Cr(VI) to be detected. The reason may be that Cr(VI) concen-
tration in bulk solution decreased significantly resulting in the
decreasing reaction rate of Cr(VI) adsorption onto HA and
HM, and thus, Cr(VI) reduction process was not the rate-
limiting step any more, resulting in the decreasing of Cr(VI)
percentage on HA and HM. According to the results above, it
can be concluded that Cr(VI) reduction indeed occurred on
HA and HM surfaces.

Roles of HA and HM functional groups

As the primary electron donors for Cr(VI) reduction, the var-
iations of HA and HM functional groups were regarded as the
most important point for understanding their interaction mech-
anism, and FTIR spectra from 1750 to 950 cm ! were utilized
to determine HA and HM functional groups changing during
reaction with Cr(VI) as shown in Fig. 3. The absorbance peaks
at 1708, 1626, 1226, and 1078 cm ! for HA and HM both
decreased significantly with time, which were, respectively,
assigned to C=0 stretching vibration of carboxyl, C=0
stretching vibration of carbonyl, the C—O stretching vibration
of phenol, and C-O stretching vibration of hydroxyl (Fanning
and Vannice 1993; Li et al. 2003; O’Reilly and Mosher 1983;
Sellitti et al. 1990). This indicated that these functional groups
were very likely involved in the reaction with Cr(VI), but it
was still unclear whether they were all oxidized by Cr(VI). As
shown in Fig. 3, the absorbance peak at 1555 cm ' for HA and
HM both increased significantly with time, which was attrib-
uted to the stretching vibration of chelated carboxyl (Zhao
et al. 2016). This indicated that the Cr was fixed on HA and
HM surfaces though complexation with carboxylic groups.
Since FTIR peak intensity variation cannot only be effected
by oxidation process, where one kind of functional group can
be transformed into another type, but the complexation can
also induce red or blue shift of FITR peak position, which
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Fig. 2 XPS Cr2p spectra of HA and HM samples after reacting with
5 mM Cr(VI) under pH 1.0 at 25 °C for 4 and 60 days. The peaks at
588.7 and 586.9 eV were assigned to Cr2p;, of Cr(VI) and Cr(III). The
peaks at 579.4 and 577.3 eV were assigned to Cr2p;, of Cr(VI) and
Cr(IIT)

means whether these functional groups participated in the re-
duction of Cr(VI) or otherwise cannot be determined by FTIR
spectra alone. However, at least, it can be concluded that
mainly carboxyl, carbonyl, phenol, and hydroxyl took part
in the reaction with Cr(VI).

Since FTIR is a type of molecular spectroscopy, the com-
plex of functional groups with Cr will dramatically change its
molecular orbital configuration resulting in significant change
of FITR peak intensity. However, XPS is a type of electron
spectroscopy, especially for the inner electron, and the excita-
tion energy of inner orbital electron will not be greatly

a 1626 ——Raw HA
1555 —— HA-Cr 4d
1708 —— HA-Cr 60d
1226 1078
)
(&]
C
©
£
?
e 1626 ——RawHM
< | 1708 1296 —— HM-Cr 4d
1555 —— HM-Cr 60d
1078

T T T T T T T T T T T T T T T
1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber / cm™

Fig.3 FTIR spectra of a HA and b HM samples after reacting with 5 mM
Cr(VI) under pH 1.0 at 25 °C for 4 and 60 days. The raw HA and HM are
referring to the samples without any perturbation
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influenced by outer valence electron participating in complex
reaction. Therefore, XPS Cls spectra were employed to deter-
mine whether all the functional groups mentioned above par-
ticipated in the reduction of Cr(VI), and the results are shown
in Fig. 4. As shown, the XPS peaks for HA and HM at 284.8,
287.1, and 288.7 eV, which were attributed to C-H or C-C,
C=0, and O-C=0, respectively, all remained nearly un-
changed from 4 to 60 days. However, the XPS peaks for HA
and HM at 286.1 eV assigned to C—O both decreased signif-
icantly from 4 to 60 days, which indicated that C—O involved
in the functional groups of phenol and hydroxyl on the sur-
faces of HA and HM was almost thoroughly eliminated
resulting from oxidation by Cr(VI). On the contrary, the resis-
tance of C-H, C-C, C=0, and O—C=0 on the surfaces of HA
and HM indicated that aliphatic hydrocarbon, carbonyl, and
carboxyl groups did not tend to be oxidized by Cr(VI), and the
decreasing FTIR absorbance of carboxyl and carbonyl for HA
and HM were more likely induced by the complexation with
Cr.

In addition, it should be pointed out that the detection depth
of XPS is quite different from FTIR test, which can only
collect the signals within few-nanometer depth on particle
surfaces instead of the whole sample, and thus the undetect-
able C—O peaks of HA and HM after reacting with Cr(VI) for
60 days tended to be induced by the oxidation of C—O-related
functional groups on the particle surfaces instead of in the bulk
samples. Furthermore, the FTIR absorbance peaks of HA and
HM that ranged from 1000 to 1200 cm’ !, attributed to the C—
O stretching vibration of hydroxyl and ether, were still signif-
icant after reacting with Cr(VI) for 60 days, and this indicated

the existence of oxygen containing functional groups in the
bulk samples by the end of experiment. Therefore, it can be
drawn from these two opposite phenomena that C—O-related
functional groups (such as phenol, hydroxyl, and ether) on the
surface of HA and HM were more active than that in their
interior part.

Solid-state '*C CP/MAS NMR was employed to reveal the
variations of HA and HM molecular structure after reacting
with Cr(VI). As shown in Fig. 5a, b, the NMR spectra of HA
and HM are quite different from each other, and this demon-
strates that they are two different typical fractions of soil hu-
mus with distinct molecular structures. The NMR spectral
shapes are quite similar with corresponding fraction extracted
from the peat soils purchased from the IHSS that has been
reported previously (Bonin and Simpson 2007), but the
aliphaticity of the samples used in this study is comparatively
higher. As indicated, the NMR peaks of HA and HM in the
range from 0 to 50 ppm remained approximately unchanged
during reacting with Cr(VI), which are attributed to alkyl C,
and this indicated that the aliphatic structures of HA and HM
were both resistant to the oxidiction of Cr(VI). On the other
hand, the NMR peaks of HA and HM at 130 and 154 ppm
both decreased significantly after reacting with Cr(VI), which
were, respectively, assigned to aromatic C and phenol C (Xing
2001), and this indicated that both the aromatic C and phenol
C of HA and HM tended to participate in the reaction with
Cr(VI). On the contrary, the variations of O-alkyl C (50—
110 ppm) and carboxyl C (163-185 ppm) for HA and HM
were quite different from each other, especially for the O-alkyl
C. It can be seen that the peaks of HA and HM at 56 and

Fig. 4 XPS Cls spectra of HA
and HM samples after reacting a
with 5 mM Cr(VI) under

pH 1.0 at 25 °C for 4 and 60 days
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Fig. 5 Solid-state '>C CP/MAS NMR spectra of HA and HM samples
after reacting with 5 mM Cr(VI) under pH 1.0 at 25 °C for 4 and 60 days.
The assignments of different chemical shift ranges are shown as follow-
ing: alkyl C (0-50 ppm), O-alkyl C (50-110 ppm), aromatic C (110—

72 ppm decreased with various extent after reacting with
Cr(VI), which are assigned to methoxyl and secondary alco-
hol, respectively, and this implies that these two oxygen-
containing functional groups of HA and HM are readily to
be oxidized by Cr(VI). However, the peaks of HM at 63, 74,
83, 89, and 105 ppm remained almost unchanged, which can
be attributed to the carbons in the ring structure of cellulose
(Vanderhart and Atalla 1984; Wang and Hong 2015), and this
indicated that HM has a high content of cellulose, and the
cellulose structures are quite resistant to Cr(VI) oxidation,
which can be responsible for the low efficiency of Cr(VI)
reduction by HM. Additionally, it can be seen from Fig. 5c
that the peaks of HA and HM at 30 ppm decreased signifi-
cantly, but the peaks at 33 ppm kept almost unchanged. The
doublet peaks at 30 and 33 ppm can be assigned to amorphous
and crystalline methylene, respectively, and the crystalline
methylene carbon is suggested to be resistant to environmental
attack, but the amorphous one not (Weiguo Hu et al. 2016).
The crystalline methylene carbon proportion of raw HM is
much higher than that of raw HA, and this may partially ac-
count for the lower capability of HM for Cr(VI) reduction as
well.

Conclusion

In this work, the molecular characteristics and reduction ca-
pability for Cr(VI) by HA and HM fractions of a black soil
from Northeast China were investigated, and the mechanism
of HA and HM functional groups for Cr(VI) reduction was
revealed. Phenol and hydroxyl were determined as the main
electron donors for Cr(VI) reduction by HA and HM rather
than carboxyl and carbonyl, which were more likely involved
in the complexation with Cr. Furthermore, phenol and

— T T T T
200 175 150 125 100 75 50 25 0

T T T T T T T T v
36 34 32 30 28 26

Chemical Shift (ppm)
145 ppm), phenol C (145-163 ppm), and carboxyl C (163—185 ppm).

The raw HA and HM are referring to the samples without any
perturbation

hydroxyl on the particle surfaces of HA and HM were much
more active on Cr(VI) reduction than that in their interior part.
However, HM was found to be more aliphatic than HA with a
higher content of cellulose structures, which were found to be
quite resistant to the oxidation of Cr(VI) resulting in the lower
capability of HM for Cr(VI) reduction. These results suggest
that in soil environment, undissolved HA tends to play a much
more important role compared with HM in Cr(VI) reduction
and retention in the condition that their mass contents are
comparable. Additionally, the quantitive relationship between
Cr(VI) reduction rate and the contents of functional groups
that act as electron donors can be another issue of great con-
cerns, which can be the next move of efforts on this topic.
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