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cially for the humin fraction. In this study, different humus fractions (HA, humic acid; HMi, humin linked to
iron oxides; HMc, humin linked to clay; and HMr, humin residue) were sequentially extracted from a typical
black soil and well characterized. It was found that HA, HMi and HMc were the same type of humus with similar

Editor: Jay Gan molecular structures, while HMr was structurally different from the other fractions with a high cellulose content.

The removal rate of Cr(VI) in solution decreased with progressive humus fractionation, namely, HA > HMi > HMc
Keywords: > HMT. Based on the two-dimensional correlation spectroscopic analysis (2DCOS) of the FTIR data, the changing
Humic acid functional groups of all humus fractions during reacting with Cr(VI) followed a similar order: carboxyl > phenol
Humin > hydroxyl > methyl > methylene. According to the correlation analysis, Cr(VI) reduction rates by different humus
Hexavalent chromium fractions were mainly determined by the content of phenol (R? = 0.99) instead of carboxyl (R? = 0.28). Except

Two-dimensional correlation spectroscopy

for HMr, the Cr(VI) reduction rates of different humus fractions were also positively correlated with surface and
Correlation analysis

bulk polarity (R? = 0.98 and 0.99) but not with aromaticity or aliphaticity (R* = 0.21).
© 2018 Elsevier B.V. All rights reserved.

1. Introduction and sediments (Dai et al., 2004; Zeng et al., 2011; Zhou et al., 2018).
The fractions of humus, the major component of SOM, differ greatly in

Soil organic matter (SOM) is considered as the most important factor their chemical composition, structures and affinity to contaminants
controlling the migration and transformation of heavy metals in soils resulting from their strong heterogeneity (Guo et al., 2013). According
to the solubility in acidic and alkaline solutions, humus can be opera-
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focused on the interaction mechanisms between HA/FA and heavy
metals (Hori et al., 2015; Janos et al., 2009; Wittbrodt and Palmer,
1995; Wittbrodt and Palmer, 1996; Wittbrodt and Palmer, 1997; Yan
et al., 2016); however, relatively little information is available about
the environmental significance of HM for heavy metals (Tavares Rosa
etal, 2018; Wang et al,, 2016; Zhang et al., 2013), which generally rep-
resents >50% of organic carbon in soils and sediments (Xing et al., 2005).

HM is operationally defined as the humus that neither dissolves in
acidic nor alkaline solutions, and the degree of HM-related research is
relatively low compared with HA and FA, which results from its intrac-
table nature. The insoluble HM can be classified into two types in es-
sence. One is the HM with apolar molecular structural characteristics
resulting in its macroscopic insolubility. The other is the HM that origi-
nally can be dissolved in alkaline solutions but becomes insoluble due to
it tightly binding to minerals (Fabbri et al., 1996), which is considered to
be similar in properties to HA (Rice, 2001). As seen, HM itself is hetero-
geneous as well, and some insoluble HM isolation procedures utilizing
organic solvents are available to fractionate HM into different fractions
(Hayes et al, 2017; Song et al, 2011; Song et al, 2005).
Dimethylsulfoxide (DMSO) and methylisobutyl ketone (MIBK) are the
most common organic solvents for HM separation from the soil residue
after alkaline extraction of HA and FA (Tsutsuki and Kuwatsuka, 2012;
Rice and Maccarthy, 1989). Notably, Pallo (1993) reported a method
of HM isolation to separate the alkaline-soluble HM bound to iron and
clay minerals from the insoluble HM, by sequentially removing the
iron and clay minerals with sulphuric acid and hydrofluoric acid. Ac-
cordingly, Dou et al. (2006) further classified HM into humin linked to
iron oxides (HMi), humin linked to clay (HMc) and humin residue
(HMr). Compared with the DMSO and MIBK method, the Pallo method
gives consideration to the interaction between HM and the major inor-
ganic minerals in soils, namely, organo-mineral complexes, which are
widely distributed in soils and sediments (Bonin and Simpson, 2007).
It has been demonstrated that the association of humus with minerals
largely depends on their molecular weights, functional groups and ali-
phatic structures (Kang and Xing, 2008; Specht et al., 2000; Wang and
Xing, 2005), which in turn determines that the humus fractions associ-
ated with different minerals are structurally distinct from one another
in the soil environment (Li et al,, 2015). Consequently, it can be inferred
that the differences in properties among HA and different HM fractions
would induce a dissimilar retention effect for heavy metals, especially
for elements involving much more complex redox processes, such as
hexavalent chromium Cr(VI), which is still unknown.

Cr(VI) is widely utilized in industries, such as electroplating, leather
tanning and dyeing (Dhal et al., 2013), and quite a few instances have
been reported involving the release of Cr(VI) into the subsurface envi-
ronment, which has led Cr(VI) to become one of the most frequent
heavy metal contaminants in soils and groundwater (Hsu et al., 2010).
In the environment, Cr(VI) mainly exists in anions, such as Cr,02™,
HCrO; and CrOZ~, and it is quite different from Cr(Ill), which mainly
exists in cations, such as Cr>™, Cr(OH)?" and Cr(OH)5 (Wittbrodt and
Palmer, 1995). Humus has a great retention effect on the migration of
Cr(VI) in soils and sediments (Xiao et al., 2012), and it can reduce carci-
nogenic and mobile Cr(VI) into less toxic and much more stable Cr(III)
to mitigate its environmental risk (Jardine et al., 1999).

The organic functional groups are considered to play crucial roles in
the Cr(VI) reduction by humus (Chen et al., 2011; Huang et al., 2012). It
has been reported that carboxyl, phenol and hydroxyl groups might act
as the main electron donors for Cr(VI) reduction by HA (Hsu et al., 2009;
Lin et al., 2009; Zhao et al., 2016). Furthermore, our previous studies
have demonstrated that the carboxyl of HA more preferentially tends
to participate in Cr complexation instead of being oxidized by Cr(VI),
while the phenol, polysaccharide and methyl of HA mainly act as the
electron donors for Cr(VI) reduction (Zhang et al., 2017; Zhang et al.,
2018a). However, it is still unknown whether any differences exist
among HA and different HM fractions in the Cr(VI) reduction mecha-
nism by various functional groups.

Additionally, it has been reported that the polarity and aliphaticity of
HM have significant impacts on its sorption of apolar (benzo[c|phrene,
phenanthrene and lindane) and polar (atrazine) organic pollutants by
altering the interaction of the electrostatic force, H-bonding and van
der Waals force (hydrophobic interaction) (Wang et al., 2011; Wen
etal., 2007; Yang et al., 2011; Zhang et al., 2009). However, it is still un-
clear whether the polarity and aliphaticity have any effects on the Cr(VI)
reduction by HA and different HM fractions.

The purposes of this study were to (i) compare the adsorption and
reduction of Cr(VI) by HA and different HM fractions and unveil the un-
derlying mechanisms, and (ii) probe the roles of functional groups, po-
larity and aliphaticity of HA and different HM fractions for Cr(VI)
reduction. To achieve our aims, HA and different HM fractions, including
HA, HMi, HMc and HMr, were extracted from a single soil sample to
eliminate the influences of different minerals, precursors of SOM and
other factors on the interaction. Additionally, in order to get a significant
change in the humus spectra, a relatively high Cr/C ratio was set, and to
make the reaction time scale acceptable, the reaction pH was set to 1 to
accelerate the reaction rate. It should be pointed out that this pH condi-
tion is equally common in related contaminated sites, such as
electroplating industries (Dermentzis et al., 2011; Hsu et al., 2007; Liu
etal, 2011).

2. Materials and methods
2.1. Humus fractions extraction and characterization

The black soil sample used for humus extraction was collected from
an undisturbed area at Dunhua, Jilin Province, China (43°18'36"N,
128°23'26"E), which is located at one of the three major black soil re-
gions worldwide (the other two are the great plains of Ukraine and
the Mississippi River basin of America). This black soil sample can be
classified as Mollisol soil according to the soil classification system of
the United States Department of Agriculture (USDA), and it is the typical
black soil in the region of Northeast China. The condition of the land-
form, climate and vegetation were described in detail in our previous
paper (Zhang et al., 2018b). The surface soil within a depth of 30 cm
was sampled after the topsoil containing substantial plant roots had
been removed. The soil sample was air-dried and ground, and then
was passed through a 100-mesh sieve. The pre-treated soil sample
was stored in a sealed brown glass bottle. The chemical characteristics
of the soil are listed in Table S1.

Based on the Pallo method, with minor modifications according to
the method recommended by the International Humic Substances Soci-
ety (IHSS), different humus fractions were sequentially extracted, in-
cluding HA, HMi, HMc and HMr. The detailed extraction procedures of
different humus fractions can be found in the Supplementary Material.

The pHp, of the humus particles were determined by a zeta poten-
tial analyzer (Malvern Zetasizer Nano Z). The particle size distribution of
the humus particles were determined by a particle size analyzer
(Malvern Mastersizer 3000). The microscopic image of the humus par-
ticles were obtained from a scanning electron microscope (SEM, JSM
7800F). The determination methods and corresponding applied param-
eters for C, H, 0, and N elemental contents, solid-state '*C CP/MAS NMR
(solid-state cross-polarization magic angle spinning '>C nuclear mag-
netic resonance spectra), XPS (X-ray photoelectron spectroscopy spec-
tra) and FTIR (Fourier transform infrared spectra) of all humus
samples can be found in our previously published paper (Zhang et al.,
2018b).

2.2. Kinetic experiment

To determine the concentration variation of Cr(VI) with time by
reacting with humus, 10 + 0.2 mg of each humus sample (HA, HMi,
HMc and HMr) was mixed with 20 mL of a 2 mM Cr(VI) (K,Cr,05) solu-
tion in a brown bottle. The background electrolyte consisted of 0.01 M
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NaCl, and the initial solution pH was adjusted to 1.0 by 2.5 M HCl. The
bottles were shaken in a shaker incubator at 200 rpm at 25 °C. All exper-
iments were run in triplicate, and a control experiment was conducted
with Cr(VI) alone to clarify the Cr(VI) attenuation potential without
humus. A batch of bottles was sampled at given time intervals followed
by a centrifugation at 3000 rpm, and then the suspensions were filtrated
with a 0.45 um membrane. The Cr(VI) concentration in the filtrate was
determined using a UV/vis spectrophotometer (SHIMADZU UV-1800)
(Hsu et al., 2010). One of the three filtrated humus samples was
freeze-dried for FTIR and XPS characterization. The other two samples
were completely collected and dissolved with 20 mL of 0.1 M NaOH in
a raw bottle for 1 day in the same solid to liquid ratio of 1:2000 (w/v),
which is suggested as a method to release all Cr(VI) into the aqueous
phase resulting from the dissolutions of the humus samples. The con-
centration of Cr(VI) in the NaOH solution was determined using the
same method described above, but the blank control of distilled water
was replaced by the supernatant to eliminate the colour influence of
the dissolved humus samples.

2.3. Two-dimensional correlation spectroscopy analysis

To identify the functional groups species of different humus reacting
with Cr(VI) and their reactivity (reaction sequence), the 2DCOS method
(two-dimensional correlation spectroscopy) was used to analyse the
FTIR spectra data of humus samples after reacting with Cr(VI) for differ-
ent intervals. This spectroscopic analysis method was developed by
Noda and Ozaki (Noda and Ozaki, 2005), and has been widely used in
the fields of material science, food science and environmental science.
The detailed analysis procedures and principles of this method have
been stated in detail in our previous papers (Zhang et al.,, 2017; Zhang
et al., 2018a; Zhang et al., 2018c). The 2DCOS analysis was produced
using 2Dshige software (Kwansei-Gakuin University, Japan).

2.4. Kinetic model fitting

The pseudo-first-order kinetic model was utilized for the data anal-
ysis of Cr(VI) reduction by different humus fractions. The raw pseudo-
first-order kinetic equation is shown as follows:

Co=Co-e ™ (1)

where C; represents the variation of Cr(VI) concentration in the reaction
system with time, including Cr(VI) in solution and Cr(VI) adsorbed on
humus, Co represents the Cr(VI) initial concentration in the solution,
and k represents the first-order reduction rate constant.

The amount of reduced Cr(IIl) is calculated by the difference be-
tween the initial and remaining Cr(VI) in the reaction system, which
is shown as follows:

Gre = (CO_Ct)n (2)

where g, represents the amount of reduced Cr(IIl), Co represents the
initial Cr(VI) concentration in the solution, C, represents the variation
of the Cr(VI) concentration in the reaction system, and 1) represents
the solution volume to humus mass ratio (v:w).

The linear form of Eq. (2) is shown as follows:

In (1—%) — —kt 3)

The slope of In(1— %) to —trepresents the reduction rate constant.

3. Results and discussion
3.1. Characteristics of different humus fractions

The particle size distributions of different humus fractions are
shown in Fig. S1, and it was found that the particle size decreased
with the progressive fractionation, namely HA > HMi > HMc > HMr,
which can be further verified by the SEM images of the humus particles
(Fig. S2). Additionally, the zero point of charge (pHp,) of different
humus fractions is shown in Fig. S3. As indicated, the pHp,. of HA, HMi
and HMc ranged from 0.63 to 0.95, which implied that under pH 1 con-
dition of this study, the surface of these humus particles were negatively
charged. While the pH,,,. of HMr was determined to be 2.49, and this in-
dicated that under the pH condition of this study the surface of HMr par-
ticles was positively charged.

With progressive humus fractionation, the bulk polarity of different
fractions gradually decreased from 0.44 for HA to 0.35 for HMr (Table 1).
This suggests that the fraction with a higher content of polar carbon was
readily extracted in the humus fractionation process, which indicates
that the apolar humus molecules were preferentially adsorbed onto
minerals, which is consistent with the findings of the previous study
(Wang and Xing, 2005). The S¢o+n)/c/Bo+ny/c ratio decreased with
the progressive fractionation as well, which implied that the decrease
in their surface polarity was much more evident than the bulk particles
in this extraction process. However, it should be noted that the Sio4ny,c/
B(o+ny/c ratio for HMr increased significantly, which suggested the dis-
tinct properties of HMr compared with other humus fractions.

The contents of the bulk acidic groups, including carboxyl and phe-
nol, decreased from 3.45 and 3.15 mmol g~ ! for HA to 1.98 and
1.55 mmol g~ for HMr, respectively, with progressive extractions,
which is coordinated with the regularity of the bulk polarity. The com-
position of surface functionalities was determined according to XPS
C1s spectra (Fig. S4). The proportion of 0—C=0 decreased with pro-
gressive fractionation; however, the C—O proportion of HMr increased
significantly resulting in the increasing surface polarity. Considering the
low phenolic groups content of HMr, it may be mainly enriched in poly-
saccharide (cellulose) structures containing relatively high contents of
hydroxyl and ether.

To verify the potential distinct molecular structures of the HMr frac-
tion, solid-state >C CP/MAS NMR was employed, and the results are
shown in Fig. 1. It should be pointed out that the decoupling process
for the NMR signals will increase the signal intensities of different
types of carbons by various extents; therefore, the spectra can only be
employed for semi-quantitative analysis and relative comparison
among a series of related spectra. The NMR spectra of HA, HMi and
HMc have similar shapes, which are all similar to the spectra published
for soil HA samples (Bonin and Simpson, 2007), and only the peak in-
tensities associated with alkoxy C (50-109 ppm) and carboxylic C
(163-190 ppm) decreased slightly with progressive extractions
(Table 1), which indicates that these fractions have similar molecular
structural characteristics. However, the shape of the HMr spectrum is
quite different from the other fractions, especially in the region of alk-
oxy C. The strong peaks at 73 and 105 ppm can be respectively attrib-
uted to ring carbons and anomeric carbon in cellulose (Ionescu et al.,
2015; VanderHart and Atalla, 1984), which indicates that HMr has a
higher content of cellulose structures. However, comparatively, the
HA, HMi and HMc fractions have higher contents of primary alcohol/
methoxyl (50-60 ppm) and secondary alcohol (65-80 ppm) structures.
This further confirms that HMr is structurally different from the other
humus fractions.

Additionally, the characteristic doublet peaks of amorphous
(29-30 ppm) and crystalline (32-33 ppm) polymethylene chain car-
bons are significant in all fractions as shown in Fig. 1 (Chen et al.,
2017). The crystalline polymethylene carbon was reported to be resis-
tant to environmental attack, while the amorphous version is important
in sorption processes (Hu et al., 2000). With progressive fractionation, it
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Table 1
Bulk elemental composition and atomic ratios, bulk content of acidic groups, surface functional groups and elemental composition, and integrated solid-state '*C CP/MAS NMR data of
different humus fraction.

Samples Elemental composition (%) Bo+nyct Ash content (%) -COOH -OH
—~1yb —1\b
C q ) N (mmolg™") (mmol g™ ")
HA 56.41 3.91 28.51 4.14 044 1.49 3.45 (0.05) 3.15 (0.07)
HMi 57.83 4.89 27.14 4.54 042 1.26 3.55(0.02) 2.55(0.37)
HMc 58.99 4.31 26.91 341 0.39 1.14 3.77 (0.03) 1.97 (0.05)
HMr 47.24 344 19.94 1.57 0.35 22.86 1.98 (0.04) 1.55 (0.11)
Samples Surface functional groups and elemental composition (%) S(0+N) ,Cd
C—Cand C—H 0 =0 O—C= C N 0]
HA 41.77 12.56 6.27 9.67 70.27 (1.71) 4.62 (0.08) 25.12 (1.63) 0.45
HMi 46.59 10.15 7.76 7.73 72.24 (1.85) 5.61 (0.83) 22.15 (1.02) 0.38
HMc 53.53 9.93 6.94 7.53 77.93 (0.91) 2.75 (0.01) 19.32 (0.93) 0.28
HMr 43.64 12.87 8.55 5.80 70.86 (1.07) 3.83 (0.59) 25.32 (0.49) 041
Samples Distribution of C chemical shift/ppm (%)¢ Aromatic C" Polar Cf Aromatic polar C"
0-50 50-109 109-145 145-163 163-190 (%) *) (*)
HA 25.49 17.43 32.11 4.51 20.46 57.08 42.40 24.97
HMi 37.16 15.30 25.75 3.76 18.04 47.54 37.09 21.79
HMc 33.03 10.23 43.12 3.23 10.38 56.73 23.84 13.61
HMr 28.83 2494 37.27 2.76 6.19 46.22 33.89 8.95

@ Bio+nc: bulk polarity.

Determined by XPS analysis and the overlapping peaks resolving method.
S(o+ny/c: surface polarity.
Determined by '*C CP/MAS NMR analysis.

- 0 a 0o o

Carboxylic and phenolic group contents determined by the titration method described elsewhere (Li et al., 2008).

Aromatic C: total aromatic region (109-163 ppm); Polar C: total polar carbon region (50-109 ppm and 145-190 ppm); Aromatic polar C: polar carbon in the aromatic region

(145-190 ppm). The values in the brackets are the standard deviations of three independent measurements.

can be seen that the proportion of amorphous polymethylene carbon
decreased, accompanied by the increase in crystalline polymethylene
carbon, and this may be responsible for the relatively inert nature of
humus associated with minerals compared with the dissociated one in
soils and sediments.

3.2. Cr(VI) sorption to different humus fractions

To determine the adsorption processes of Cr(VI) onto different
humus fractions, a kinetic batch experiment was conducted, and the re-
sults are shown in Fig. 2. It can be seen from Fig. 2(a) that the removal
rate of Cr(VI) in solution decreased with progressive humus

fractionation, namely, HA > HMi > HMc > HMr, and the maximum Cr
(VI) removal quantities ranged from 2.42 to 3.86 mmol g~ ' (125.84 to
200.72 mg g~ ) after 64 days. In theory, the decrease in Cr(VI) concen-
tration in solution can be attributed to (i) its adsorption onto humus
particles and (ii) its reduction into Cr(Ill) in the reaction system. There-
fore, the quantity relationship among the different existing states of Cr
(V1) and Cr(III) can be expressed as the following equation:
ACr(V),q = Cr(Vl)aqO—Cr(VI)aq = Cr(VI),q + Cr(Ill) (4)
where, ACr(VI),q represents the decreasing quantity of Cr(VI)
in solution; Cr(Vl)ag represents the initial Cr(VI) quantity in solution;

145-163 ppm
phenolic C
163-190 ppm i [] 5109-145 ppm: 50-109 ppm i 0-50 ppm Amorphous
Carboxylic C ! I Aromatic C ! Alkoxy C i Alkyl C methylene
i 1 | & i Crystaline
! : :%O'%%%Onﬂ/ k: methylene
T ! 357 L
| i I |
1 I 1 |
: . i ! HMr
3 1 1 1 1 —
] | | I |
= L | : \
Q | | | | HMc
E | | : ! \/_
1 1 1 1
L : : \ HMi
i i i i / \ HA
| | 1 |
1 1 1
1 )
— T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 35 31 27

Chemical Shift (ppm)

Fig. 1. Solid-state '>C CP/MAS NMR spectra of different humus fractions.
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Fig. 2. (a) Concentration variation of Cr(VI) in solutions induced by different humus fractions, (b) content variation of sorbed Cr(VI) on different humus fractions, and (c) content variation

of reduced Cr(Ill) in the reaction system induced by different humus fractions.

Cr(VI)aq represents the Cr(VI) quantity variaition with time in solution;
Cr(VI),q represents the adsorbed Cr(VI) quantity on humus particles;
and Cr(Ill)e represents the reduced Cr(Ill) quantity in the reaction
system.

As the value of Cr(VI),9 is a constant and the Cr(VI),q can be deter-
mined directly in the solution, the determinations of Cr(VI),q and Cr
(IMl)e are required. Considerting that the Cr(IIl);. may exist both on
humus particles and in solution, the determination of Cr(VI),q is consid-
ered to be a much more direct way to illustrate the adsorption and re-
duction processes of Cr(VI) by different humus fractions, because once
the Cr(VI).,q was obtained, the Cr(VI);. can be determined according
to Eq. (4) as well.

To determine the sorbed Cr(VI) content on humus particles, the
humus samples, after reacting with Cr(VI), were fully dissolved in
0.1 M NaOH to release the Cr(VI) anions into the aqueous phase for
the Cr(VI) concentration determination (HMr cannot be dissolved in al-
kaline solutions, but it has been suggested that nearly all Cr(VI) anions
can be desorbed back to aqueous phase under extremely alkaline solu-
tions due to the high exchange ability of OH™ for Cr(VI) anions), and the
results are shown in Fig. 2(b). As indicated, a certain amount of Cr still
existed in the sorbed Cr(VI) form on humus particles, which is consis-
tent with the findings of our previous study (Zhang et al., 2018a). The
contents of sorbed Cr(VI) for different humus fractions all obviously in-
creased over 8 days. After 8 days, the sorbed Cr(VI) contents of HA, HMi
and HMc decreased to various degrees, but it was almost unchanged for
HMr. The maximum Cr(VI) adsorption quantities of different humus

fractions ranged from 0.12 to 0.20 mmol g ! (6.24to 10.4mgg '), ac-
counting for approximately 3%-5% of the total Cr in the reaction system,
which means that the majority of sorbed Cr(VI) was reduced into Cr(III).
This can be further supported by the XPS Cr2p spectra of humus samples
after reacting with Cr(VI) (Fig. S5). The reduced Cr(III) in the system can
be determined by the difference between the initial and remaining con-
tent of Cr(VI) in the system, and the results are shown in Fig. 2(c). It can
be seen that the reduction rate significangly decreased with progressive
humus fractionation, and follows the order HA > HMi > HMc > HMr.

Vy
@ Humus + Cr(VI) & Humus-Cr(VI)

Ce Qs

Cr(VI) Cr(Vl)

Humus particle

“Cr(llN
V2
@ Humus-Cr(VI) + H* — Humus*-Cr(lll) + H,O

qS qr e

Fig. 3. Scheme of Cr(VI) adsorption and reduction by undissolved humus.
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According to the pHp,. of different humus fractions (as shown in
Fig. S3), under the pH condition of this study, the surfaces of HA, HMi
and HMc were all negatively charged, therefore, the Cr(VI) anion
(mainly HCrOg4, as shown in Fig. S6) more tended to be adsorbed onto
the surfaces of these fractions by chemical bonding force (ligand ex-
change) instead of electrostatic attraction force. While the surface of
HMr was positively charged, and then the electrostatic adsorption and
chemical adsorption might work together in Cr(VI) adsorption
processes.

The retention of Cr(VI) by humus has been determined to follow an
adsorption-reduction mechanism in our previous studies (Barnie et al,,
2018; Zhang et al., 2017), and the scheme is shown in Fig. 3. (i) The Cr
(VI) in the aqueous phase is adsorbed onto the humus particle surface,
forming ion exchangeable and binding Cr(VI); (ii) the sorbed Cr(VI) is
reduced into Cr(IIl) by adjacent reductive functional groups; and (iii)
the reduced Cr(II) is complexed by functionalities on the humus or re-
leased into the aqueous phase. The reduction of Cr(VI) by humus in so-
lution can be neglected, because the TOC (total organic carbon)
concentration of the dissolved humus, acting as electron donor for Cr
(VI) reduction in solution, only account for approximately 3% of the
total mass under the same pH condition (Zhang et al., 2018a), which
will be much lower for the undissolved HMr. Consequently, the sorbed
Cr(VI) can be considered as a required medium for Cr(VI) reduction by
humus. The adsorption rate (v;) is mainly determined by the difference
between the Cr(VI) concentration in the aqueous phase (C.) and the
corresponding theoretical content of sorbed Cr(VI) in the solid phase
(gs), and the linear balanced relationship between C, and ¢ is deter-
mined by the partition coefficient Ky. While the reduction rate (v,) is
jointly determined by the sorbed Cr(VI) concentration (qs), the content
of reductive functional groups and the protons, and in this experimental
condition (constant pH, as shown in Fig. S8) the reduction rate is mainly
related to g; for each humus fraction.

As shown in Fig. 2(b), at the initial stage, the difference between C,
and q; is relatively high, resulting in an adsorption rate (v;) that was
higher than the reduction rate (v,), and thus, the content of sorbed Cr
(VI) accumulated within 8 days, which can be called the “adsorption-
dominated” period. After 8 days, the Cr(VI) concentration in the solu-
tion decreased significantly, making the adsorption rate (v;) smaller
than the reduction rate (v,), and thus, the content of sorbed Cr(VI) de-
creased gradually, which can be called the “reduction-dominated” pe-
riod. Considering that the content of sorbed Cr(VI) is limited by the
maximum adsorption capacity of each humus fraction, the reduction
of sorbed Cr(VI) plays a crucial role in the removal of Cr(VI) from the
aqueous phase by humus, because the quantity of reduction
(2.42-3.86 mmol g~ ') is far higher than that of Cr(VI) adsorption
(0.12-0.20 mmol g !). The reduction quantities of different humus
fractions are considered to be directly related to the composition of
their functional groups, and therefore, the determination of functional-
ity species for Cr(VI) reduction by different humus fractions is of crucial
importance for clarifying the underlying mechanisms.

3.3. The role of functional group types for Cr(VI) reduction by different hu-
mus fractions

To identify the functional group variations of different humus frac-
tions while reacting with Cr(VI), FTIR was utilized to characterize the
changes in functional groups with time, and the results are shown in
Fig. S7. As indicated, at the initial time, different humus fractions have
similar spectral shapes, and the absorbance peaks at 1709, 1465, 1379,
1228 and 1031 cm ™! are significant, which are attributed to carboxyl,
methylene, methyl, phenol and hydroxyl, respectively (Fanning and
Vannice, 1993; Li et al., 2003; O'Reilly and Mosher, 1983; Sellitti et al.,

Table 2
The peak assignment and sign relationship between synchronous and asynchronous maps
of different humus fractions.

Position (cm~!) Peak assignment  Sign®
1709 1545 1465 1379 1228
1709 Carboxyl
1545 Chelated carboxyl ++++
1465 Methylene ++++ ++++
1379 Methyl ++++ A+ttt -
1228 Phenol ++++ - -
1031 Hydroxyl ++++ - - e 4

@ Signs were obtained in the upper-left corner of the maps: +, same sign; —, opposite
sign. The order of signs is associated with progressive fractionation, namely, HA, HMi, HMc
and HMr.

1990). The spectral shape of HMr is a little different from that of the
other fractions, especially at bands of 1379 cm ™!, and the sharp peak in-
dicates that HMr has a much higher methyl content, which is consistent
with its aliphatic and hydrophobic nature. The peaks at 1709 and
1228 cm ™! decreased significantly with time for all fractions, and the
peak at 1545 cm ™!, which is assigned to the carboxyl complexed by
Cr, obviously increased (Zhao et al., 2016). However, the intensity
changes in the peaks at 1465, 1348 and 1031 cm™! are not evident,
and thus, 2DCOS analysis was emplolyed to identify these subtle
changes.

As shown in Fig. 4, the synchronous and asynchronous maps for dif-
ferent fractions are almost similar in the peak distributions. Five major
auto peaks can be identified at 1709, 1545, 1228 and 1031 cm™! along
the diagonal line of the synchronous maps as shown in Fig. 4(a, c, e,
g), and the cross peaks at 1465 and 1379 cm™! in the upper-left corner
of the synchronous and asynchronous maps can be identified as well.
Additionally, a majority of the cross peaks of the synchronous maps
had a positive sign, except for the cross peak associated with
1545 cm™ . This indicated that mainly carboxyl (1707 cm™"'), phenol
(1228 cm™ 1), hydroxyl (1031 cm™!) methyl (1379 cm™!) and methy-
lene (1465 cm™') participated in the reaction with Cr(VI), and the re-
duced Cr(IlI) might be complexed by carboxyl producing chelated
carboxyl (1545 cm™1).

To verify the absorbance changing orders of related peaks, the sign
relationship between synchronous and asynchronous maps and peak
assignments are summarized in Table 2. It can be seen that all humus
fractions have the same signs for two different corresponding bands,
which indicates that the functional groups for different humus fractions
have the same preferential orders participating in the reaction with Cr
(VI) according to the rules defined by Noda (Noda and Ozaki, 2005),
namely, carboxyl (1709 cm™!) > phenol (1228 cm™') > hydroxyl
(1031 cm™ ') > chelated carboxyl (1545 cm™!) > methyl (1379 cm™!)
> methylene (1465 cm™!). As indicated, the functional groups of differ-
ent humus fractions follow a similar mechanism for Cr(VI) adsorption
and reduction. The orders of phenol, hydroxyl, methyl and methylene
are coordinated with their chemical reducibility, which indicates that
these functional groups may sequentially act as the main electron do-
nors in different reaction stages. Additionally, it should be noted that
the reducibility of carboxyl is far weaker than phenol and hydroxyl.
However, why has carboxyl participated in the reaction prior to other
functional groups? In other words, was carboxyl truly oxidized in the re-
action? According to our previous study (Zhang et al., 2018a), carboxyl
was considered to more likely act as a ligand for Cr complexation in-
stead of being oxidized, which was supported by the XPS C1s spectra.
Hence, it is of great value to verify this conclusion from other
perspectives.

Fig. 4. 2DCOS analysis of FTIR spectra of different humus fractions after reacting with Cr(VI). (a), (c), (e) and (g) are respectively the synchronous maps of HA, HMi, HMc and HMr. (b), (d),

(f) and (h) are respectively the asynchronous maps of HA, HMi, HMc and HMr.
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Fig. 5. Fitting of the reduction rate constant k for Cr(VI) reduction by different humus
fractions with a pseudo-first-order kinetic model.

3.4. Correlation between the reduction rate constants and humus properties

The reduction of Cr(VI) by different humus fractions was described
by pseudo-first-order kinetics, and the linear relationship (R* > 0.94)
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between the logarithmic concentration of Cr(VI) and the reaction time
is shown in Fig. 5. As indicated, the reduction rate constant k decreased
from 0.0493 to 0.0136 d~! with progressive humus fractionation. It
should be pointed out that this fitting approach did not take into consid-
eration the adsorption process of Cr(VI) by humus, however, an overall
reaction rate parameter independent of the Cr(VI) concentration can be
obtained, which is only related to the molecular structures of humus.
This method will be favoured, revealing the relationship between the
overall reduction rate and the microscaled domain arrangement of
humus.

To gain insight into the relationship between the reduction rate con-
stant k and humus acidic groups, surface functionalities, polarity and
aromaticity, a linear correlation analysis was applied to the correspond-
ing data, and the results are shown in Fig. 6. It can be seen from Fig. 6
(a) that the k values for different humus fractions are positively corre-
lated with the contents of phenolic groups as shown by the solid blue
line (R?> = 0.99), but negatively correlated with carboxylic groups as
shown by the dashed black line (R> = 0.95, except for HMr), which fur-
ther confirms that phenol, instead of carboxyl, is the most important
electron donor for Cr(VI) reduction by all humus fractions. Although a
strong correlation between k and the phenol content is found, it should
be noted that the regression line does not go through the origin, which
indicates that a nonlinear relationship may exist within the low phenol
content range from 0 to 1.5 mmol g~ .

As shown in Fig. 6(b), k values for different humus fractions are pos-
itively correlated with the surface carboxylic groups proportion as
shown by the solid blue line (0—C=0, R? = 0.89), but negatively cor-
related with the surface apolar carbon proportion as shown by the

—
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Fig. 6. Correlation relationship between the reduction rate constant k of Cr(VI) by different humus fractions and (a) the content of acidic groups, (b) the percentage of surgace functional
groups, (c) the polarity index (O 4+ N)/C, and (d) the aromatic or polar carbon content. The solid line represents the correlation among all humus fractions, and the dashed line represents

the correlation among HA, HMi, and HMc (except for HMr).
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dashed black line (C—C and C—H, R? = 0.99, except for HMr). The con-
tent of the surface carboxylic groups may be associated with the affinity
of humus for Cr(VI) complexation, because carboxyl has been reported
to participate in the complexation of Cr(VI) (Brose and James, 2013),
which is considered as a precondition for Cr(VI) reduction by organic
matter (Elovitz and Fish, 1995). On the other hand, the higher propor-
tion of apolar carbon means a lower proportion of oxygen-containing
polar carbon, which is crucial for Cr(VI) reduction, and the nonlinear
characteristics of HMr (a lower proportion of surface apolar carbon
resulting in a lower reduction rate) further implies its distinct proper-
ties from other fractions.

Except for HMr, the k values for the HA, HMi and HM(c fractions are
both positively correlated with their surface and bulk polarity as
shown by the dashed lines in Fig. 6(c) (R> = 0.98 and 0.99, respec-
tively), and this implies that both surface and bulk polarity can be
employed for the estimation of the Cr(VI) reduction capabilities by
HA-type humus, which coincides with the correlation of total acidic
groups as shown in Fig. 6(a). The overall results of surface polarity are
complementary with that of the surface apolar carbon proportion
shown in Fig. 6(b), and the surface polarity of HMr is much higher
than that predicted by the linear rule developed from HA-type humus.
This coincides with the results above that the HMr surface has a higher
content of cellulose structures (enriched in polar carbon but lacking in
polar oxygen-containing functionalities), which has been proven to be
quite resistant to Cr(VI) attack in our previous study (Zhang et al.,
2018b).

The k values of different humus fractions have a poor correlation re-
lationship with the proportions of aromatic carbon (R*> = 0.21), and this
indicates that the aromaticity and aliphaticity of humus are not directly
related to their reducibility for Cr(VI). Additionally, k values have a
strong correlation with the proportions of aromatic polar carbon (R?
= 0.95); however, a weak correlation between the k values and the pro-
portions of total polar carbon (R? = 0.56) is obtained due to the nonlin-
ear characteristics of HMr. This finding indicated that the Cr(VI)
reduction is more dependent on the aromatic polar functionalities,
and the resistance of the cellulose structures of HMr can account for
its nonlinear nature.

4. Conclusions

HA, HMi and HMc are the same type of humus with similar molecu-
lar structures, and only the content of polar oxygen-containing func-
tional groups decreased with progressive humus fractionation. HMr is
structurally distinct from the other fractions with a high content of cel-
lulose, probably resulting from the humification of plant cell walls,
which tend to be resistant to Cr(VI) oxidation. Hence, in soil environ-
ment HA-type humus has a higher ability to reduce Cr(VI) when com-
pared with HMr fraction, and the reduction rate of Cr(VI) is mainly
determined by the content of phenolic groups instead of carboxylic
groups. Except for HMr, the Cr(VI) reduction rates of different humus
fractions were also positively correlated with the surface and bulk po-
larity, but not with aromaticity or aliphaticity. Additionally, the humin
fractions linked to iron oxides and clay (HMi and HMc) were investi-
gated in this study in their monomer form; however, the associations
of humus with minerals might change their interface characteristics,
resulting in a further influence on the retention effect of Cr(VI) migra-
tion in soils and sediments, which is of great value for further study.
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