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Humic  acids  (HA)  strongly  affect  the  fate  of  trace  metals  in  soils  and  aquatic  environments.  One of the
remarkable  properties  of  HA  is  its  ability  to  reduce  Cr(VI),  an  extremely  toxic  anion.  However,  it  is unclear
which  HA  components  are  involved  in  Cr(VI)  reduction  and  possess  the  photo-induced  properties.  In this
study,  an  ultrafiltration  technique  was  used  to fractionate  HAs  into  four  fractions  of  different  nominal
molecular  weights  (Mw):  >100,  50–100,  10–50 and  <10  kDa.  Each  HA  fraction  was characterized  by  spec-
troscopic  analyses  followed  by  examining  Cr(VI)  removal  on each  fraction  of  HA  at  pH 1–5.  Spectroscopic
results  indicated  that  low-Mw HA was  enriched  with  polar  and  aromatic  domains.  These  polar,  including
umic acid
olecular weight

hromate
hoto-reduction
ractionation

polar  C  in  aliphatic  region,  and  aromatic  groups  were  the  major  sites  for  Cr(VI)  reduction  because  they
disappeared  rapidly  upon  interaction  with  Cr(VI).  As  a  result,  low  Mw of  HA  exhibited  greater  efficiency  of
Cr(VI) reduction.  Light  induced  the  rapid  transfer  of  electrons  between  chromate-phenol/carboxyl  ester,
or the  formation  of  peroxide  radicals  or H2O2 through  the  ready  decay  of peroxy  radicals  associated  with
polar substituents,  explained  the rapid  scavenging  of  Cr(VI)  on  polar  and  aromatic  groups  of HAs  under

illumination.

. Introduction

Soil organic matter (SOM) consists of two major components,
naltered debris and humus, which are defined as a recognizable
keleton and an invisible feature of its original organism, respec-
ively. Humus is an amorphous brown-colored polymer, which can
e subdivided according to solubility in strong acid and base: humic
cid (HA, insoluble in acid), fulvic acid (FA, soluble in both acid and
ase) and humin (insoluble in both acid and base). These humic
ubstances (HS) strongly affect the fate of trace metals and organic
ontaminants in terrestrial and aquatic environments through var-
ous binding and degrading processes, including photo-chemical

eactions [1–4]. Because HS have complex chemical compositions
ith molecular weight (Mw) ranges of hundreds to several hun-
red thousand Daltons, fractionation of HS is an effective method

∗ Corresponding author at: Department of Soil and Environmental Sciences, 250
uo-Kuang Rd., Taichung, 40227 Taiwan, ROC. Tel.: +886 4 22840373x4206;

ax:  +886 4 22855167.
E-mail address: ymtzou@dragon.nchu.edu.tw (Y.M. Tzou).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.091
© 2011 Elsevier B.V. All rights reserved.

for better insight into the characters of HS and their interactions
with pollutants [5].

It has been observed that the chemical composition and total
acidity of HAs differed greatly between high and low Mw frac-
tions [6].  With the fractionation of an Andisol HA by coupling
size exclusion chromatography (SEC) and polyacrylamide gel
electrophoresis (PAGE), Richard et al. [7] found that carboxylic
groups could be concentrated in low Mw fractions, while polysac-
charides and peptides were in high Mw fractions, and the UV–vis
absorbance and A465/A665 ratio increased as Mw of HA decreased.
Christl and Kretzschmar [8] used a hollow fiber ultrafiltration
(UF) technique to fractionate HA into four Mw: 10–30, 30–100,
100–300 and >300 kDa. They observed that the negative charge
of HA decreased steadily with increasing Mw fractions over a pH
range of 3–10 in a 0.1 M background electrolyte, and the decrease
was consistent with the decrease of phenolic and carboxylic C
in HA. Moreover, high Mw fractions exhibited generally lower

photo-inductive activities and weaker fluorescence emission
compared to low Mw fractions and bulk HAs [5,9]. These studies
clearly demonstrated that the major functional groups and the
properties of chromophores depended greatly on the Mw of HAs.

dx.doi.org/10.1016/j.jhazmat.2011.09.091
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ymtzou@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2011.09.091
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herefore, the HAs of various Mw should exhibit different chemical
eactivities, including photo-induced abilities, when in contact
ith environmental pollutants. The activated sites on HAs may  be

dentified upon their enrichment through a fractionation of HAs
nto various Mw prior to interactions of pollutants.

HS serve as electron donors in many redox reactions. In partic-
lar, the elimination of environment pollutants such as Cr(VI) by
A have received much scientific attention [10–13].  Cr(VI) is toxic

o both plants and animals [14,15] and is carcinogenic to human
eings [16]. Therefore, the conversion of Cr(VI) to less toxic Cr(III) by
S can eliminate its hazard to organisms, and the redox reaction is
onsidered a self-cleaning function in Cr(VI)-loaded environments.
he interactions of Cr(VI) with HA have been investigated in many
revious studies [11,17]; however, which functional groups of HAs
articipate in Cr(VI) reduction remains unknown. The utilization
f bulk HA, bearing extremely complex structures, as a reactant
ay  inhibit the detailed observations of the activated groups of HA

nvolved in Cr(VI) reduction. Thus, fractionating HAs into different
w with dominant chemical compositions may  facilitate mech-

nistic studies of Cr(VI) reduction on HAs. Photo-induced Cr(VI)
eduction by HA may  occur in an environment receiving sunlight
nd thus, the investigation of photo-detoxification of Cr(VI) by HA
an help delineate the overall Cr(VI) behavior in ecosystems. In this
tudy, HA was obtained from a mountain peat soil of Taiwan, and
ractionated into four Mw (i.e. <10, 10–50, 50–100 and >100 kDa)
sing UF technique. The adsorption and photo-reduction of Cr(VI)
y different Mw of HAs were investigated and the specific groups
f HAs involved in Cr(VI) removal were also evaluated. The exper-
ments were conducted at pH 1–5; nonetheless, Cr(VI) reduction
y HA proceeded slowly at a higher pH, and thus, we mainly pre-
ented a representative result obtained at pH 1. In addition, an
xtremely acidic effluent with Cr(VI) derived from electroplating
ndustries had been detected in an open irrigation ditch or a river
losed to the discharging points [18]. Therefore, the current exper-
mental results can demonstrate the interactions of HA with Cr(VI)
n a natural system.

. Materials and methods

.1. The source of HAs

A peat soil sample was collected from the Yangmingshan Moun-
ain area located in Taipei County, northern Taiwan (25◦090N,
21◦320E, Fig. 1). The Yangmingshan soil contains 156 g/kg organic
arbon (OC), and is classified as medial, amorphic, thermic, Typic
elanudand. Other physical/chemical properties of the peat soil

an be found in our previous work [19].

.2. Extraction and fractionation of HAs

HAs were extracted from the peat soil, following the standard
rocedure recommended by the International Humic Substances
ociety (IHSS) [19]. The HA samples were transferred to a solution
ith 0.1 M NaOH and 0.01 M NaCl at pH 7, and were passed through
embranes with nominal molecular weight cut-offs (MWCO) of

00, 50 and 10 kDa using a Molecular Stirred Cell (Molecular/Porÿ
tirred Cells, S-76–400). The separation was carried out stepwise
nder a pressure of 16 psi, beginning with the highest MWCO, and
he filtrate passing through the membrane was collected and trans-
erred to the next membranes with a lower MWCO  for separation.
ach HA size-fraction obtained was stored in a dark glass bottle as

 stock solution and placed in a refrigerator for further use.
.3. Characterization of HA fractions

The elemental contents (C, H, N and O) of the HA fractions were
nvestigated by a Heraeus CHNOS Rapid F002 Elemental Analyzer.
 Materials 197 (2011) 337– 344

The optical densities ratios of dilute HA solutions at 465 and 665 nm
(E4/E6) were evaluated according to the method of Chen et al.
[20]. 13C CP-MAS NMR  spectra and infrared spectra of HA fractions
were obtained using a Bruker DSX400WB NMR  spectrometer and
Fourier Transform Infrared (FTIR) Spectrometer (Thermo Nicolet
NEXUS), respectively. 13C CP-MAS NMR  spectra of the samples were
collected on a Bruker DSX400WB NMR  spectrometer [19]. Spectro-
scopic analyses of the specific functional groups of HA involved in
Cr(VI) reduction was  obtained by comparing the changes in the
spectra of Cr(VI)-loaded HA with the untreated HA samples. A con-
trol experiment was  also conducted by mixing Cr(III) [i.e. CrCl3]
up to 9.62 mM with untreated HA samples to evaluate the possible
complexation of the redox products, i.e., Cr(III), on spectroscopic
analyses.

2.4. Cr(VI) reduction by various Mw of HA

Appropriate amounts of the stock solution of each HA frac-
tion was  diluted with 0.001 M CaCl2 to obtain a C concentration
of ≈52 mg  L−1, measured by TOC analyzer. A small aliquot of Cr(VI)
stock solution (1.923 mM)  was diluted with 0.001 M CaCl2 and then
transferred to a water-jacketed reaction vessel containing HA. Con-
sequently, the final concentration of Cr(VI) was 0.1923 mM,  and
the final HA concentration was  26 ± 2 mg  C L−1. Cr(VI) reduction by
HA was conducted in 1 L reaction vessel at pH 1–5, and a circu-
lating water bath connected to the vessel to maintain the reaction
temperature at 25 ± 1 ◦C. A 100 W medium-pressure mercury UV
lamp (ACE Glass Incorporated) was  inserted into a borosilicate well
to exclude the irradiation from UVB and placed in the center of
the reaction vessel. The schematic setup of the reaction system
can be referred to our previous works [4].  The lamp emits mostly
in the range 310–1000 nm,  with the most intense lines at 303,
313, 366, 405, 436, 546, and 578 nm.  The average light intensity
of 2.15 × 10−4± 5.74 × 10−5 einstein s−1 L−1 (n = 18) was measured
by an actinometric technique [17]. Light control experiment was
also performed to evaluate Cr(VI) reduction in the absence of HA.
HA suspensions were periodically extracted and passed through
a 0.2 �m pore-size membrane filter to collect the filtrates. Cr(VI)
concentration in the filtrate was  determined using a UV/VIS spec-
trophotometer (Varian Cary 50) at 540 nm after reaction with an
1,5-diphenylcarbazide indicator (DPC) [21]. The dark control was
conducted when the light was  turned off. Total chromium was
determined using atomic absorption spectroscopy (AAS; Hitachi Z-
2000) at ÿ = 359.3 nm. The differences between total Cr and Cr(VI)
concentrations obtained by AAS and DPC methods, respectively,
were attributed to Cr(III).

3. Results and discussion

3.1. Mass distribution of each HA fraction

The HA fraction with the greatest molecular cutoff (i.e.
Mw > 100 kDa) consists of 85.9% of the total HA mass recovered
from the UF process. There was a dramatic decrease in the mass
distribution of HA for 50–100 kDa, and 10–50 kDa had the low-
est mass distribution (Table 1). The smallest molecular cutoff (i.e.
Mw < 10 kDa) constituted 17.3% of the total HAs mass. The results
indicate that the major mass distributions of HAs were within a nar-
row range of Mw, consistent with several previous studies using UF
to fractionate HAs derived from different sources [22–24].

3.2. Characterizations of HA
3.2.1. Elemental analysis
The bulk HA sample derived from Yangmingshan peat soil had C,

H, N and O contents of 51.3, 5.3, 2.5 and 38.5%, respectively (Table 1).
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Fig. 1. Location of Yangmingshan p

ith decreased Mw of HAs, the C and H contents of HAs decreased
ccompanied by an increase in O contents. The H/C atomic ratio
ecreased from 1.06 to 0.92, in contrast to the increased O/C atomic
atio from 0.53 to 0.60, when Mw of HAs decreased from >100 to
10 kDa. The polarity index [(N + O)/C] also increased with a lower
w of HA (Table 1). It seems clear that the HAs became more

liphatic and less polar when the Mw of HAs became larger.

.2.2. E4/E6 values
There was a significant increase in E4/E6 ratios of HA fractions

ith decreased Mw of HAs (Table 1). The E4/E6 ratio is widely used
s an index of the chemical characteristics of HAs, such as particle
izes or Mw of humic substances [20]. Kang and Xing [25] reported

 negative correlation between E4/E6 and Mw, and the E4/E6 ratio
s generally <5 for greater Mw of HAs and is 6–18.5 for FA with
ower Mw [26]. These results are consistent with our E4/E6 data for
angmingshan HAs (Table 1). The remarkable changes of the E4/E6
alues with various Mw of HA fractions demonstrated the success
f fractionation of HAs in the current study.
.2.3. Spectroscopic studies
FTIR spectra of each HA fraction exhibited a broad absorption

eak at about 3300–3670 cm−1 (Fig. 2), indicating the stretch-
ng vibration of hydroxyl groups, such as phenolic groups, on

able 1
ield, elemental compositions, atomic ratio, and E4/E6 values of different size fraction of h

Sample Yield (wt%) C (%) H (%) N (%) 

HA (bulk) 51.3 5.3 2.5 

>100  kDa 85.9 ± 3 53.3 4.4 1.5 

50–100  kDa 3.6 ± 4 50.9 4.5 1.4 

10–50  kDa 1.5 ± 5 –c – – 

<10  kDa 17.3 ± 7 50.1 3.8 1.3 

a H/C: atomic ratio of hydrogen to carbon. O/C: atomic ratio of oxygen to carbon. (N + O
b E4/E6 of humic acid is the ratio of the absorbance at 465 nm to that at 665 nm.
c Not measured.
il collected from northern Taiwan.

HA [27,28]. Except for the FTIR spectrum of HA with an Mw

of 10–50 kDa, each HA fraction, including bulk HA, had similar
FTIR spectroscopic results (Fig. 2). However, there were some dif-
ferences in the characteristic absorbance peaks among the HA
fractions of various Mw. For instance, with decreased Mw of HAs,
there was  a slight increase at 3030, 1718 and 1240 cm−1, cor-
responding to the aromatic C–H stretching, –C O stretching of
–COOH, and oscillation of O-containing groups on –COOH [27–30],
respectively (Fig. 2). Conversely, the intensities of the peaks at 2917,
2849 and 1070 cm−1, assigned to C–H/C–C stretching of aliphatic
groups [29], decreased with lower Mw of HAs (Fig. 2). FTIR spectra
indicate that the low Mw of HAs contained more aromatic C and
carboxyl groups, consistent with the EA analysis.

The relative percentages of the peak area of the solid-state
13C CP-MAS NMR  spectra for HA fractions were estimated as pro-
posed by Li et al. [30] (Table 2). Within the aliphatic C-region of
0–112 ppm, the C contents decreased from 44.8 to 42.8%, in contrast
to an increase in aromatic C (112–163 ppm) and aromaticity, when
Mw of HAs decreased from >100 to <10 kDa (Table 2). Total per-
centage of polar groups, calculated by summation of the regions of

50–112 and 145–215 ppm in NMR  spectra, increased with a lower
Mw of HA. NMR  spectra results were consistent with the data of
EA and FTIR analyses and with the previous report for fractionated
HAs derived from different soils [23]. For instance, by extracting

umic acids (HA).

O (%) H/Ca O/C (N + O)/C E4/E6
b

38.5 1.25 0.56 0.60 5.63
37.3 1.06 0.53 0.55 3.23
39.5 0.98 0.58 0.60 7.31

– – – – 8.16
40.3 0.92 0.60 0.63 11.11

)/C: atomic ratio of sum of nitrogen and oxygen to carbon.
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Fig. 2. FTIR spectra of Yangmings

A from a Pahokee peat (obtained from the IHSS), Li et al. [23]
ound that the low Mw had higher O/C atomic ratios and aromatic
, but lower H/C atomic ratios based on the chemical, spectroscopic,
nd pyrolysis–gas-chromatography–mass-spectrometry analyses.
hese results suggested that HA became more polar and aromatic
ith lower Mw. Since polar groups, such as carboxyl and phenolic

roups, are the major activated sites for contaminants, we  presume
hat the interactions of metals with HAs should be more efficient
n HAs of lower Mw.

.3. Cr(VI) removal on HA with various Mw

.3.1. In darkness
Upon interaction of Cr(VI) with bulk HA (ca. 26 ± 2 mg  C L−1),

bout 8.8% of 0.1923 mM Cr(VI) was removed after 12 h of reaction
t pH 1 (Fig. 3a). Within the same reaction time and experimental
onditions, Cr(VI) removal on HA increased from 9.6 to 20.5% when
he Mw of HA decreased from >100 to <10 kDa (Fig. 3b). The kinetic
emoval of Cr(VI) followed second-order reaction kinetics with rate
onstants of 5 × 10−4 to 8 × 10−4 mM−1 min−1, depending on the

w of HAs; and low Mw of HAs was more feasible for the removal of
r(VI) from solutions. Since lower Mw HAs contained more aromatic
 and carboxyl groups [31], the slight increase of Cr(VI) removal on
 lower Mw HAs may  be related to its higher aromatic and polar

 contents (details below). Generally, Cr(VI) interaction with HA
as slow in darkness, consistent with the report of Wittbrodt and

able 2
ntegration results of solid-state 13C NMR  spectra of different size of humic acids.

Sample Distribution of C chemical shift (%) 

0–50 ppm 50–112 ppm 112–163 ppm 

alkyl O-alkyl aromatic 

HA (bulk) 22.1 26.1 28.3 

>100  kDa 21.9 22.9 33.5 

50–100 kDa 20.2 22.9 35.1 

10–50  kDa 18.3 25.3 35.5 

<10  kDa 14.2 28.6 36.0 

a Aliphatic C: total aliphatic carbon region (0–112 ppm).
b Polar C: total polar C region (50–112 and 145–215 ppm).
c Aromaticity was calculated by expressing aromatic C (112–163 ppm) as percentage o
As of various molecular weights.

Palmer [11] who  found that the complete reduction of 0.02 mM
Cr(VI) on HA required tens of days.

There was a huge decrease in Cr(VI) removal on HAs when the
solution pH was  raised from 1 to 3 (data not shown). Only 3.3%
of added Cr(VI) was  removed even when the lowest Mw of HAs
was used, and there was no discernible Cr(VI) removal at pH 5. The
results demonstrate that Cr(VI) removal on HAs was  pH-dependent
and greatly inhibited at a higher pH, consistent with the report
of Wittbrodt and Palmer [11]. Cr(VI) removal can be a combina-
tive result of the adsorption and reduction of Cr(VI) on HA. To
determine which of these two processes dominated Cr(VI) removal,
0.1 M KH2PO4 was  used to extract adsorbed Cr(VI) [32], and the pro-
portions of Cr(VI) reduction on HA were calculated based on Eqs.
(1) and (2).

[Cr(VI)]removal = [Cr(VI)]initial − [Cr(VI)]in solution
= [Cr(VI)]adsorption on HA + [Cr(VI)]reduction

(1)

[Cr(VI)]extraction = [Cr(VI)]adsorption on HA + [Cr(VI)]in solution (2)

The amount of Cr(VI) adsorbed on HA can be calculated by sub-
tracting the Cr(VI) concentration in solution from that obtained by
K2HPO4/KH2PO4 buffer (P) extraction (Eq. (2)). Cr(VI) reduction is
then obtained by subtracting the adsorbed Cr(VI) from the over-

all Cr(VI) removal (Eq. (1)). About 3.5, 2.6 and 2.1% of Cr(VI) was
adsorbed on HAs with Mw of >100, 50–100 and <10 kDa, respec-
tively, at 12 h reaction time at pH 1, and <1% of added Cr(VI) was
adsorbed on each HA fraction at pH 3. The results demonstrated that

Aliphatic Ca Polarb Aromaticityc

163–190 ppm C (%) C (%) (%)

carboxyl

14.0 48.2 45.7 37.0
12.3 44.8 42.5 42.8
14.0 43.1 43.9 44.9
14.5 43.6 45.8 44.9
15.8 42.8 50.6 45.7

f the aliphatic and aromatic regions (0–163 ppm).
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ig. 3. Reduction of 0.1923 mM Cr(VI) on 26 mg C L−1: (a) bulk HAs, and (b) HAs with
arious molecular weights at pH 1 in darkness or under illumination.

r(VI) reduction dominated Cr(VI) removal on HAs, i.e., HAs served
ainly as electron donors instead of as adsorbents for Cr(VI).
Direct observations of the specific groups of HAs involved in

r(VI) reduction are little reported in the literature. Nonetheless,
ther biomass, alcoholic, carboxyl and phenolic groups, which are
ommonly found in HA, have proven efficient reductants for Cr(VI)
32,33]. The formation of chromate ester was proposed as the first
tep in proceeding redox reactions [10]. That is, these authors sug-
ested that some polar functional groups, such as hydroxyl and
henolic groups, were able to interact with Cr(VI) through the
ormation of chromate ester, a rapid and reversible process as
escribed in the first reaction of Eq. (3).  Following chromate ester
ormation, a slow electron-transfer from ester to Cr(VI) occurred,
eading to Cr(VI) reduction (Eq. (3)). Since HAs contain these func-
ional groups and the formation of chromate ester is reversible, we
ostulated that the adsorbed Cr(VI), defined by P extraction, may
e partially derived from the chromate ester (Eq. (4)).

CrO−4 + ROH
rapid←→[HCrO−4

•ROH]
slow−→Cr(III) + decomposed organics

(3)

HCrO−4
•ROH]

extracted by P−→ HCrO−4 + H2PO−4
•ROH ↔ H2PO−4 + ROH

(4)
Once the Cr(VI) was converted to Cr(III), i.e., the slow
edox reaction of Eq. (3),  most of the redox products of Cr(III)
 Materials 197 (2011) 337– 344 341

were released into solution (>97%) as calculated from Eqs.
(5) and (6).

[Cr(III)]solution = [Cr]in solution measured by AAS

− [Cr(VI)]in solution measured by DPC (5)

[Cr(VI)]adsorption + [Cr(III)]adsorption

= [Cr(VI)]initial−[Cr]in solution measured by AAS
re-arrange−→

[Cr(III)]adsorption = [Cr(VI)]initial−[Cr]in solution−[Cr(VI)]adsorption

(6)

Accordingly, in darkness, the slow disappearance of Cr(VI) upon
its reaction with HA was due to Cr(VI) reduction. Since Cr(VI) reduc-
tion consumed protons (Eq. (7))  [32], an elevation of solution pH
created an unfavorable environment for Cr(VI) reduction. In addi-
tion, the increase of negative charges on both reactants, i.e., Cr(VI)
and HAs, with an increase of solution pH may  inhibit electron trans-
fer, leading to slow reduction of Cr(VI) on HA.

HCrO4
− + 7H+ + 3e−⇔ Cr3+ + 4H2O (7)

3.3.2. Under illumination
Upon exposure to light, Cr(VI) removal on each Mw fraction of

HAs was  greatly enhanced (Fig. 3). For instance, 0.1923 mM Cr(VI)
was completely removed by the lowest Mw of HAs (i.e. <10 kDa)
after 3 h of reaction under illumination at pH 1 (Fig. 3b). Even the
highest Mw of HAs removed >57% of initially added Cr(VI) within the
same reaction time and experimental conditions. Cr(VI) removal on
each Mw of HAs followed first-order kinetics with rate constants
from 5.0 × 10−4 to 1.3 × 10−2 min−1 (Table 3). The change in the
kinetic model from second- to first-order suggested that the reac-
tion mechanism of Cr(VI) reduction by HA under a light condition
was different from that of dark. That is, a photo-induced reaction
participates the conversion of Cr(VI) by HA (please see below). Low
pH associated with low Mw of HAs was  more favorable for Cr(VI)
removal. The light-promoted and rapid disappearance of Cr(VI) was
due to increased Cr(VI) reduction on various Mw fractions of HAs
because only slight Cr(VI) (less than 1%) could be reduced in the
absence of HA based on the control experiment. In addition, no
adsorbed Cr(VI), evaluated by P extractive processes, was found
under illumination (as calculated by Eqs. (1) and (2)).

HAs, FAs and DOM have been reported to be capable of reduc-
ing Cr(VI) at low pH, and the redox reaction can be enhanced under
illumination [10,17]. Macromolecules of HAs, bearing olefinic, aro-
matic, and phenolic–semiquinone–quinone structures of a wide
spectrum with various functional groups and chromophores,
are capable of absorbing electromagnetic radiation [34]. Upon
absorption of light energy, the photophysical and photochemical
properties of HAs, e.g. the intensities of chemiluminescence and flu-
orescence emission, are correspondingly changed [35]. Lipski et al.
[35] further suggested that the changes are intrinsically associated
with the generation of excited states and reactive oxygen species
such as O2

•− and H2O2. In the current study, we also found that
ca. 21.9 �M H2O2, measured by photometric method [36], could
be produced upon exposure HA to the light at 2 h in the absence
of Cr(VI). Therefore, we  speculated that photo-induced formation
of superoxide radicals and H2O2 (Eqs. (8)–(12),  [17,33,35,36])  may
be responsible for the rapid Cr(VI) reduction on bulk HA (Fig. 3a)
because these peroxide compounds are efficient reductants for
Cr(VI) (Eqs. (13) and (14) [33,36]).

R + O2+ hv → R•+ + O2
•− (8)
R + O2→ R + O2 (9)

O2
•− + H2O → HO2

• + OH− (10)

O2
•− + HO2

• + H+→ H2O2+ O2 (11)
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Table  3
First-order rate constant (k) for the photo-reduction of Cr(VI) on HA with various molecule weights as influenced by the pH.

pH HA (bulk) HA (>100 kD) HA (50–100 kD) HA  (<10 kD)

k (min−1) r2 k (min−1) r2 k (min−1) r2 k (min−1) r2

−3 −4 −3 −5 .98 
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tion peaks at 1718 and 1240 cm−1. To further evaluate the effect
of Cr(III) binding on the decrease in these two  absorption peaks,
1.923 mM Cr(III) was  used to interact directly with HAs and the
1 4.3 × 10 ± 3 × 10 0.99 3.8 × 10 ± 2 × 10 0
3  1.5 × 10−3 ± 1 × 10−4 0.99 1.2 × 10−3 ± 5 × 10−5 0
5 7.0  ×10−4 ± 1 ×10−5 0.98 5.0 ×10−4 ± 3 × 10−5 0

2
•− + H2O → H2O2+ 2OH− (12)

here R indicates photo-inducible organic groups in bulk HAs.

2
•− + HCrO4

− + 5H+→ 3H2O + Cr3+ + 3/2O2 (13)

/2H2O2+ HCrO4
− + 4H+→ 4H2O + Cr3+ + 3/2O2 (14)

Similarly to the results obtained in darkness, low-Mw HAs
xhibited an apparently higher reductive ability of Cr(VI) com-
ared with those for high-Mw HAs when light was applied. The
easons are threefold: (1) aromatic moieties, including quinones
ith carbonyl-type chromophores, dominated the formation of C-

entered radicals upon the absorption of UV irradiation [37]. Since
ow-Mw HAs contained more aromatic domains, we expected that

ore reactive groups (i.e. O2
•− and H2O2) may  be produced upon

xposure of the low-Mw HAs to light. As a result, Cr(VI) reduction
as greatly enhanced. (2) As mentioned previously, the formation

f chromate-phenol ester is rapid; however, the slow electron-
ransfer from phenol to Cr(VI) is rate-limiting for Cr(VI) reduction
10]. In the presence of light, the light energy may  overcome the
nergy gap for rapid electron transfer between these two  reac-
ants, and thus, significantly elevated Cr(VI) reduction, decreasing
he life-time of adsorbed Cr(VI) in the ester phase. (3) In an aero-
ic environment, photo-induced formation of C-centered organic
adicals (Eq. (15)) would add O2 to form a peroxy radical (Eq. (16))
38].

1R2C + hv → R1R2C• (15)

1R2C• + O2→ R1R2C(O2)• (16)

When a polar substituent of OH or CO2
− (i.e. a heteroatom with

 non- or anti-bonding electron pair) exists in the peroxy radical,
he peroxy radical will become unstable and decay within a few

illiseconds to yield the corresponding products, such as aldehyde,
etone, acid, and superoxide radical (Eq. (17)) [38]. Thus, low-Mw

A having a higher polar group (comparable to that of high-Mw

A) may  lead to a rapid conversion of peroxyl radical to superoxide
adical (Eq. (17)) for subsequent Cr(VI) reduction (Eq. (13)).

1R2(OH)C(O2)• → R1R2CO + H+ + O2
•− (17)

In the environment, the presence of trace elements such as Fe
ay  promote Cr(VI) photo-reduction by HA; nonetheless, no Fe
ere detected in the current systems. Therefore, the possible con-

ributions of trace elements to Cr(VI) reduction in the presence of
A can be ruled out. However, it merits further study to clarify the

nfluences of trace elements on Cr(VI) reduction on various Mw of
A.

.4. Spectroscopic analyses of Cr(VI)-treated HAs

To investigate the changes of HA components upon their inter-
ctions with Cr(VI), a series of Cr(VI) concentrations up to 9.615 mM
ere applied to allow the spectroscopic analyses of the changes of
A structures upon their oxidation by Cr(VI). Control experiments
ndicated that a direct complexation of Cr(III) with HA would lead
o a slight effect on the spectroscopic results. Therefore, the signifi-
ant changes in HA structures shown in FTIR and NMR  spectra upon
he addition of Cr(VI) were due to oxidation by Cr(VI).
6.4 × 10 ± 1 × 10 0.99 1.3 × 10 ± 5 × 10 0.98
2.4 × 10−3 ± 2 × 10−5 0.99 6.6 × 10−3 ± 2 × 10−4 0.99
8.0 × 10−4 ± 1 × 10−5 0.95 6.1 × 10−3 ± 1 × 10−4 0.94

Along with the reduction of Cr(VI), several major functional
groups of HAs were correspondingly changed. For instance, FTIR
spectra showed a strong absorption peak at 1718 cm−1, assigned to
carboxyl groups, which gradually decreased with increased Cr(VI)
concentrations (Fig. 4). The results demonstrate that the carboxylic
groups of HAs might be oxidized by Cr(VI) or complex with Cr(III),
leading to a shift of the –C O band to a lower frequency at ca.
1639–1648 cm−1 [39]. This shift broadened the strong character-
istic peak of carbonyl group at 1618 cm−1 (Fig. 4). In addition, the
peaks at 1412 and 1240 cm−1, indicating O–H bending vibration of
carboxylic groups and simultaneous oscillation of C–O/O–H groups
of –COOH, respectively, also decreased when Cr(VI) was  added.
Accompanied with a decrease of carboxylic groups, the peaks at
1240 and 1412 cm−1 shifted to 1264 and 1383 cm−1, respectively,
which may  be attributed to the adsorption of Cr(III) on the residual
carboxylic groups (Fig. 4) [39]. In contrast to the changes of polar
functional groups, the peaks at 2919, 2849 and 1070 cm−1, rep-
resentative of C–H/C–C stretching of aliphatic groups, remained
almost unchanged which suggested that the specific sites of HAs
with non-polar properties and enriched in aliphaticity were more
resistant to the attack of Cr(VI).

As mentioned previously, both oxidation and Cr(III) binding
on carboxylic groups would result in an attenuation of absorp-
Fig. 4. FTIR spectra of Yangmingshan HAs pre-treated with different Cr(VI) concen-
trations.



S.Y. Chen et al. / Journal of Hazardous Materials 197 (2011) 337– 344 343

  4000  3500    3000    2500      2000    1500    1000   500 

1.923 mM Cr (VI) 

1.923  mM Cr(I II) 

HA (bul k) 

1718

1716 

1718

1240 

1257  

1240 

2917 
2849 

1618 

1618 

1618 

1412 

1412  

1383  

1070 

1070 

1070 

2917 
2849 

2917  
2849 

F
i
C
w
o
s
p
g
a
a
b
r
C

o
a
M
s
g
e
p

Wavenumber (cm
-1

)

Fig. 5. FTIR spectra of original, and Cr(III)- and Cr(VI)-treated HAs.

TIR was monitored (Fig. 5). Although there was a slight decrease
n the absorption peaks at 1718 and 1240 cm−1 with addition of
r(III), the changes were small compared to HA samples treated
ith Cr(VI). In addition, the adsorption of Cr(III) on HAs caused

nly a slight shift of the peak at 1412–1383 cm−1 (Fig. 5). These
pectroscopic results suggested that Cr(III) binding was  not the only
rocess resulting in the decrease of absorption peaks of carboxylic
roups on Cr(VI)-treated HAs. The oxidation of HAs by Cr(VI) might
lso contribute to the gradual decrease of the absorption peaks
t 1718 and 1240 cm−1. Corresponding with the decrease of car-
oxylic signals on FTIR spectra, the peaks at 1618 and 1383 cm−1,
espectively, were concurrently broadened and increased due to
r(III) binding (Fig. 4).

NMR  spectra demonstrated that the oxidation of HAs by Cr(VI)
ccurred mainly at aromatic domains with polar properties (Fig. 6)
nd demonstrated again the strong interactions of Cr(VI) with low-
w HAs. Moreover, non-polar aliphatic C of HAs (0–50 ppm) [19,25]
eemed to resist oxidation by Cr(VI); nonetheless, polar functional
roups within the aliphatic C region of HAs (50–112 ppm) [19] still
xhibited chemical reactivity with Cr(VI) (Fig. 6). These results sup-
ort the redox reactions (Eqs. (3) and (15–17)) and address that the

Fig. 7. The schematic descriptions of Cr(VI)
Fig. 6. 13C NMR  spectra of HAs pre-treated with Cr(VI) up to 9.615 mM.

polar sites of HAs dominate Cr(VI) reduction. NMR  results did not
conclude that O-containing aromatic and aliphatic C were com-
pletely oxidized by Cr(VI) because a small amount of aromatic and
O-containing C still existed on the basis of the integration results
of NMR  spectra (data not shown). That is, a portion of aromatic
domains of HA may  be converted to small organic molecules upon

their oxidations by Cr(VI) instead of formation of CO2. Thus, the
residual O-containing groups could contribute to the absorption
peaks shown in FTIR spectra.

 removal on the components of HAs.
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. Conclusions

In the present study, Yangmingshan HAs were fractionated into
ifferent Mw, and low-Mw HAs exhibited a higher aromaticity and
olarity than high Mw. The aromatic domains of HAs with polar
unctional groups, such as phenolic and carboxylic groups, are
he major sites participating in Cr(VI) reduction (Fig. 7, pathway
). Spectroscopic results indicated that polar aliphatic C was  also

nvolved in Cr(VI) reduction (Fig. 7, pathway C). Therefore, soil sub-
tances with higher aromaticity and polarity may  possess great
otential for Cr(VI) removal. Upon interaction of HAs with water,

 portion of HAs are subject to hydrolysis or dissolution, releasing
oosely bonded organic and inorganic compounds and making the
A polymer charged similarly to polyelectrolytes. If the hydrolytic
roducts and the materials trapped in crosslinked network of HA
nriched with aromatic and polar groups, the derived DOC may
ontain a number of activated sites for Cr(VI). Once the DOC is trans-
erred to a sunlit environment, a photo-catalytic process can be
nitiated near the polar positions of DOC, leading to the production
f H2O2 or superoxide radicals, for rapid Cr(VI) reduction (Fig. 7,
athway A). The redox product of Cr(III) is then either released in
he solution or adsorbed on the carboxylic or other polar groups of
As (Fig. 7, pathway D).
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