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Abstract The effect of Fe(Ill) on Cr(VI) reduction by
organic reducing substances in sugarcane molasses was
investigated under different conditions [i.e., Fe(III) con-
centration, pH, and temperature] using batch experi-
ments. Results indicated that Fe(III) can accelerate
Cr(VI) reduction by sugarcane molasses over a wide
pH range. The catalytic mechanism of the reaction in-
volved the formation of organic reducing substance
complexes with both Fe(Ill) and Cr(VI) that decrease
the reaction activation energy of Cr(VI) reduction and
accelerate electron transfer between Cr(VI) and organic
reducing substances. The reaction could be described by
a pseudo-first-order kinetic model with respect to Cr(VI)
concentration. Increasing the Fe(IIl) concentration
could promote Cr(VI) reduction. At pH 2.5, 3.0, 3.5,
4.0, 5.6, and 8.0, the initial reaction rates (Vinjga) in-
creased by 0.68, 0.84, 1.38, 1.39, 0.89, and 0.29 times,
respectively, in the presence of Fe(Ill) compared with
those obtained without Fe(Ill). The vj,ia increased by
0.87 times in the presence of Fe(Ill) compared with that
without Fe(IIl) at 10 °C (pH 2.5).
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1 Introduction

Chromium, the 22nd most abundant element in the
Earth’s crust, is used in a wide variety of industrial and
commercial applications, such as in electroplating,
leather tanning, and the chemical industry. A large
amount of industrial waste containing chromium com-
pounds has been released to the environment because of
improper disposal and leakage (Hashim et al. 2011).
Depending on the pH and redox conditions, chromium,
a redox active element, most frequently exists as triva-
lent chromium [Cr(II)] or hexavalent chromium
[Cr(VI)] in the environment. However, these two oxi-
dation states exhibit very different mobilities and toxic-
ities. Cr(IIT) either forms the precipitate Cr(OH); or is
easily adsorbed by inorganic mineral and organic col-
loids in the underground environment. Cr(IIl) is much
less toxic than Cr(VI); the 3+ oxidation state element is
an essential trace element for sugar and lipid metabolism
in humans. By contrast, Cr(VI) is extremely toxic and
carcinogenic when present even at very low concentra-
tions. Moreover, as a soluble anion of chromate and
dichromate, Cr(VI) is highly mobile; this compound
migrates from the soil profile to aquifer systems and
poses a serious threat to the environment (Han et al.
2014; Yalgm Tepe 2014). Hence, the reduction of Cr(VI)
to Cr(IlI) is considered an important remediation strate-
gy targeted at contaminant immobilization.

Many inorganic and organic compounds used to
transform Cr(VI) to Cr(Ill) have been widely studied.
Inorganic compounds that have been successfully tested
for treating Cr(VI) in the environment are mainly
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divided into three classes: zero valent iron-based re-
agents (Qiu et al. 2013; Fu et al. 2014), ferrous-based
mixed reagents (Qin et al. 2005; Su and Ludwig 2005;
Henderson and Demond 2013), and sulfur-based re-
agents (Ludwig et al. 2007; Chrysochoou and Ting
2011; Chrysochoou et al. 2012). Compared with inor-
ganic reductants, organic compounds are inexpensive
and environmentally harmless. Depending on the reac-
tion mechanism and their physicochemical properties,
organic compounds can be classified as organic reduc-
tants or microbial carbon sources. Organic reductants
that are effective in Cr(VI) reduction include naturally
occurring organic compounds (e.g., citrate, oxalate, and
humic substances) and bacterial exopolymeric sub-
stances (Hosseini 2009; Sarkar et al. 2013; Chauhan
et al. 2014; Lee et al. 2008). Microbial carbon sources
that can strengthen biological metabolism to promote
Cr(VI) reduction include emulsified vegetable oil and
molasses (Krishna and Philip 2005; Somasundaram
et al. 2011; Michailides et al. 2014).

As a commonly used microbial carbon source, sug-
arcane molasses have been successfully used for
remediating Cr(VI) contamination in groundwater, such
as in the Selma Superfund site and Department of
Energy’s site at Savannah River (US EPA 2011, 2003;
Michailides et al. 2014). In Cr(VI)-contaminated
groundwater, bioremediation microorganisms can be
divided into three classes: chromium-reducing bacteria,
sulfate-reducing bacteria, and iron-reducing bacteria
(Somasundaram et al. 2009; Brodie et al. 2011;
Pagnanelli et al. 2012; Sugiyama et al. 2012; Field
et al. 2013). Our previous work has demonstrated that
sugarcane molasses can reduce Cr(VI) to Cr(Ill) by
chemical reduction under acid conditions without effec-
tive microorganisms and that Cr(VI) acts as an electro-
phile that readily accepts electrons from the hydroxyl
and carbonyl groups of organic reducing substances
(such as flavonoids), subsequently reducing to Cr(IIT)
(Okello etal. 2012; Guan et al. 2014; Chen et al. 2015b).
Promoting the use of sugarcane molasses in the remedi-
ation of Cr(VI)-contaminated soil and groundwater is a
significant endeavor.

Iron is one of the most common transition metals and
a high redox active element in the underground envi-
ronment; iron can effectively promote the reduction of
Cr(VI) to Cr(Ill) by direct or indirect processes. Zero
and ferrous ion from ion-bearing minerals or
hydroxysalt green rusts can directly reduce Cr(VI) to
Cr(IIT) quickly in an underground environment
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(Patterson et al. 1997; Loyaux-Lawniczak et al. 2000;
Bond and Fendorf2003). Fe(III) can effectively catalyze
the photochemical reduction of Cr(VI) by oxalic and
citric acids, reducing 95 % of the initial Cr(VI) concen-
tration into Cr(IIl) within 2040 min (Hug et al. 1997).
Sun et al. (2009) further demonstrated that the «-OH
group in organic acids is an important factor for rapid
Fe(IIT) photocatalytic reduction of Cr(VI). In addition,
the phenolic hydroxyl group in organic reducing sub-
stances is more active than the «-OH group in organic
acids. Hynes et al. (2001) reported that low molecular
weight polyphenol (gallic acid, gallic acid methyl ester,
and catechin) complexes of Fe(III) subsequently decom-
pose to form Fe(Il) and the corresponding quinone
without photocatalysis.

Little information on the effect of Fe(IIl) on Cr(VI)
reduction by sugarcane molasses is available. We hy-
pothesize that Fe(Ill) can catalyze Cr(VI) reduction
through organic reducing substances from sugarcane
molasses. The present study aims to explore the mech-
anisms of the catalytic effect of Fe(IlI) on Cr(VI) reduc-
tion by organic reducing substances from sugarcane
molasses with high-temperature sterilization and evalu-
ate the effects of Fe(II) on the kinetics of Cr(VI) reduc-
tion under different influencing factors [i.e., Fe(IlI) con-
centration, pH, temperature, and initial molasses con-
centration]. The results of this paper will be significant
in promoting the use of sugarcane molasses for the
remediation of Cr(VI)-contaminated groundwater.

2 Materials and Methods
2.1 Reagents

Sugarcane molasses produced in accordance with the
Chinese national standard (QB/T2684-2005) was pur-
chased from Jinan Honghao Chemical Reagent Co.,
Ltd. The main ingredients of organic reducing sub-
stances include a small amount of organic acids and
considerable amounts of polyphenols (38.4-48.8 g/L),
which are a structural class of mainly natural com-
pounds characterized by the presence of large multiples
of phenol structural units.

All of the chemicals were of analytical pure grade
and used as received without any further pretreatment.
Potassium dichromate, ferric nitrate, sulfuric acid
(98 %), phosphorus acid (85 %), sodium hydroxide,
glacial acetic acid, and anhydrous sodium carbonate
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were supplied by Sinopharm Chemical Reagents Co.,
Ltd or Beijing Chemical Plant (Beijing, China). Folin—
Ciocalteu reagent was purchased from Beijing Dingguo
Changsheng Biotechnology Co., Ltd. Reverse osmosis—
Milli-Q water (18 M) was used to prepare all solutions
and dilutions.

The diluted molasses solution was prepared by high-
temperature sterilization; here, 0.50, 1.00, and 2.00 mL
of sugarcane molasses was dissolved into deionized
water and then diluted to 1 L; that is, the concentrations
of the sugarcane molasses solutions were 0.308, 0.617,
and 1.234 g/L, respectively. The stock solution was
prepared by dissolving a certain amount of potassium
dichromate and Fe(NOj3); in deionized water and then
diluting it to 1000 mL to obtain 20 mg/L of Cr(VI)
solution, 20 mg/L Cr(VI), and 10 mg/L Fe(Ill) mixed
solution, respectively.

2.2 Experimental Methods

The reactions were conducted in 250 mL brown reaction
bottles. Reaction mixtures were obtained by taking
100 mL of stock solutions, adjusting the pH values,
and adding 100 mL of diluted molasses solutions. The
initial pH of a solution was adjusted with the sulfur
(0.5 M) and sodium hydroxide (1.0 M) solutions. The
following conditions were applied as standard condi-
tions in the reaction system: 5 mg/L Fe(Ill), 10 mg/L
initial Cr(VI), 0.308 g/L sugarcane molasses, pH 2.5+
0.1, and temperature-controlled room at 20+1 °C unless
otherwise specified below.

Four groups of experiments were conducted to deter-
mine the effects of Fe(Ill) on Cr(VI) reduction with
organic reducing substances from sugarcane molasses
under different conditions. To evaluate the effect of
Fe(Ill) concentration on the reduction by sugarcane
molasses, the concentrations of Fe(IIl) were set to 0,
0.1,0.5, 1.0, 2.0 5.0, and 10.0 mg/L. To study the effect
of Fe(IIT) on Cr(VI) reduction at different pH values, the
pH values were set to 2.0, 2.5, 3.0, 3.5, 4.0, and 5.6
(£0.1). To study the effect of Fe(III) at different temper-
atures, several experiments were performed at different
temperatures of 10, 20, and 30 °C (x1 °C). To study the
effect of Fe(Ill) on Cr(VI) reduction at different initial
sugarcane molasses concentrations, the initial molasses
concentrations were set to 0.308, 0.617, and 1.234 g/L.
Control experiments without Fe(IIT) were also carried
out. At regular time intervals, 10 mL of the mixed
solution was withdrawn to determine the Cr(VI), total

Cr concentration, and organic reducing substances.
Each experiment was repeated three times in sterilized
conditions.

2.3 Analytical Methods

Total Cr, Cr(VI), and Fe(Il) concentrations, pH, and
temperature were measured in all of the experiments.
Cr(VI) concentration was determined by the
diphenylcarbazide spectrophotometric method accord-
ing to the “Standard Methods for the Examination of
Water and Wastewater” (1998) at 540 nm, using a UNIC
7200 UV-visible spectrophotometer. Total chromium
was determined by flame atomic absorption spectrome-
try according to the “Standard Methods for the Exami-
nation of Water and Wastewater” using a Shimadzu AA-
6300 atomic absorption spectrophotometer. Polyphenol
content was quantified by the Folin—Ciocalteu method
at 765 nm using a WFZUV-2802H UV spectrophotom-
eter as described in the literature (Singleton et al. 1999).
pH and temperature were determined by using a Hach
DR900 portable multiparameter device.

3 Results and Discussion
3.1 Effect of Fe(IlI) Concentration on Cr(VI) Reduction

Figure 1 shows the relationship between Fe(IIl) concen-
tration and removal efficiency of Cr(VI) reduction.
Cr(VI]) reduction was faster with 10 mg/L Fe(IlI)
(100 % reduction in 24 h) than with 5.0 or 0 mg/L
Fe(III) (100 % reduction in over 24 and 36 h, respec-
tively). These results indicate that Fe(IIl) could effec-
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Fig. 1 Effect of Fe(IIl) concentration on Cr(VI) reduction [ccrvr
10 mg/L, 0.308 g/L of sugarcane molasses, temperature 20 °C, pH
2.5]
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tively promote Cr(VI) reduction reaction by sugarcane
molasses and that Cr(VI) reduction was enhanced with
increasing Fe(IIl) concentration. This observation may
be due to the fact that Fe(Ill) can promote electron
transfer between the reducing organic matter and Cr(VI)
(Chen et al. 2015b; Hynes and Coinceanainn 2001).
This result is similar to that obtained using organic acid
containing «-OH with photocatalysis (Sun et al. 2009).

The initial reaction rate (Vi) Was evaluated by a
kinetic model with respect to the Cr(VI) concentration;
this kinetic model may be expressed as follows:

V—E—

—k obs c" ( 1 )

where v is the reaction rate, ¢ (mg/L) is the Cr(VI)
concentration, kons(h ') is the rate constant, and n is
the reaction order. Thus, the initial reaction rate of
Cr(VI) reduction (Va1 is calculated via Eq. (2):

Vinitial = kobs X Co (2)

where ¢y is the Cr(VI) initial concentration.

Cr(V]) reduction in sugarcane molasses can be de-
scribed by a pseudo-first-order kinetic model with re-
spect to Cr(VI) concentration. The initial reaction rate
(Vinitia) increased with increasing Fe(IIl) concentration
(Table 1). The Viyia increased by 0.68, or about 1.19
times compared with the control, as the Fe(III) concen-
tration increased from 0 to 5.0 and 10 mg/L. When the
Fe(Il) concentration was no more than 10 mg/L, the
initial reaction rates plotted versus Fe(IIl) concentration
produced a nearly straight line (Fig. 2), thereby indicat-
ing that vj,;. has a linear positive correlation with
Fe(IIT) concentration.

Table 1 Kinetics of Cr(VI) reduction at different Fe(III)
concentration

Cremy ML) Kobs (07" Vinigar (mg/(L*h))  t5 (h) R

0 0.0875 0.875 7.92 0.9968
0.1 0.0949 0.949 7.30 0.9971
0.5 0.0989 0.989 7.01 0.9962
1.0 0.1003 1.003 6.91 0.9965
2.0 0.1074 1.074 6.45 0.9954
5.0 0.1576 1.576 4.04 0.9980
10.0 0.1917 1.917 3.62 0.9920
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Fig. 2 Relationship between Vi, and Fe(IIl) concentration

3.2 Effect of Fe(IIT) on Cr(VI) Reduction at Different pH
Values

Figure 3 shows the effect of Fe(IIl) on Cr(VI) reduction
by sugarcane molasses at different pH values. When the
Fe(II) concentration was 5.0 mg/L, marked enhance-
ment of Cr(VI) reduction was observed in different pH
values. When pH<4.0, the contact time required for
complete Cr(VI) removal was shortened in the presence
of Fe(IlT) compared with the time required for reduction
without Fe(Ill). At pH 4.0, enhancement of Cr(VI)
reduction by sugarcane molasses was more remarkable
in the presence of Fe(IIl) (97 % reduction in 120 h) than
without Fe(IIT) (97 % reduction in over 312 h). At pH
5.6 and 8.0, the removal efficiencies of Cr(VI) increased
by 23.68 and 10.05 % with increasing Fe(IIl) concen-
tration from 0 to 5.0 mg/L. These results illustrate that
Fe(Ill) could not only improve the reaction rate of
Cr(VI) reduction but also increase the removal efficien-
cy of Cr(VI) reduction with sugarcane molasses. This
finding may be explained as follows: (1) Fe(Ill) could
promote electron transfer between the reducing organic
matter and Cr(VI), thereby improving Cr(VI) reduction
rates; and (2) Fe(III) could catalyze the chemical reduc-
tion of Cr(VI) via reducing organic matter, thereby
increasing Cr(VI) reduction removal efficiency (Chen
et al. 2015a; Sun et al. 2009; Hynes and Coinceanainn
2001).

Table 2 presents the rate constants and initial reaction
rates (Viniga) Of the pseudo-first-order model with and
without Fe(IlT). The initial reaction rates increased by
0.68, 0.84, 1.38, 1.39, 0.89, and 0.29 times in the
presence of Fe(Ill) from 0 to 5.0 mg/L at different pH
values of 2.5, 3.0, 3.5, 4.0, 5.6, and 8.0, respectively.
These results suggest that Fe(IIl) catalyzes Cr(VI)
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Fig.3 Effect of Fe(Ill) on Cr(VI) 12
reduction in different pH [ccrvry
10 mg/L, 0.308 g/L of sugarcane
molasses, temperature 20 °C]

-
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o
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reduction strongly within the pH range of 3.5-4.0 and
that Fe(III) catalysis decreases under strongly acid (pH<
3.5) or increasing pH (pH>5.6).

3.3 Effect of Fe(IlI) on Cr(VI) Reduction at Different
Temperatures

Temperature can play an important role in the reduction
of Cr(VI) to Cr(IIl) with sugarcane molasses by chem-
ical reduction. Figure 4 presents the effect of Fe(IIl) on
Cr(VI) reduction at different temperatures (i.e., 10, 20,
and 30 °C). The contact times required for complete
removal of Cr(VI) were 14, 24, and 84 h in the presence
of Fe(Ill), which was less compared with that in the
absence of Fe(Ill) more than 24, 36, and 110 h at
different temperatures. The results illustrate that Fe(III)
catalysis of Cr(VI) reduction is more obvious at lower
temperatures than at higher ones.

Table 3 shows the effect of Fe(Ill) on the kinetics of
Cr(VI) reduction using the pseudo-first-order model at
different temperatures. The initial reaction rates at 10,

12
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P
)
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. . —— pH 8.0+5mg/
0 . B ng/L |
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Time/h Time/h

20, and 30 °C increased by 0.87, 0.68, and 0.43 times,
respectively, in the presence of Fe(IIl) from 0 to 5.0 mg/
L. Based on the ks obtained at different temperatures,
Fig. 5 was plotted on the basis of the Arrhenius equation
as follows:

k= Ae F/RT (3)

The relationship between 1g(kops) and 1/T showed
a straight line (Fig. 5). The activation energy (E,)
was estimated to be 61.9 and 70.1 kJ/mol with and
without Fe(IIl), respectively. Hence, Fe(Ill) can re-
duce the activation energy of Cr(VI) reduction by
sugarcane molasses and promote the rate of the
redox reaction.

3.4 Effect of Fe(IlI) on Cr(VI) Reduction at Different
Molasses Concentrations

Figure 6 shows the time-dependent removal efficiency
of Cr(VI) with and without Fe(IIT) at various molasses
concentration. The marked enhancement of Cr(VI)

Table 2 Kinetics of Cr(VI) reduction at different pH in the presence of Fe(IlI)

Conditions Kobs (h7) Vinital (m@/(L*h)) ti2 (h) R

pH 2.5+0 mg/L 0.0934 0.934 528 0.9944
pH 2.5+5 mg/L 0.1576 1.576 4.04 0.9980
pH 3.0+0 mg/L 0.0612 0.612 8.46 0.9970
pH 3.0+5 mg/L 0.1128 1.128 6.55 0.9911
pH 3.5+0 mg/L 0.0223 0.223 31.08 0.9920
pH 3.5+5 mg/L 0.0530 0.530 13.08 0.9948
pH 4.0+0 mg/L 0.0114 0.114 60.80 0.9687
pH 4.0+5 mg/L 0.0273 0.273 25.39 0.9940
pH 5.6+0 mg/L 0.0046 0.046 150.68 0.9787
pH 5.6+5 mg/L 0.0087 0.087 79.67 0.9889
pH 8.0+0 mg/L 0.0048 0.048 144 .41 0.8463
pH 8.0+5 mg/L 0.0062 0.062 111.80 0.8763
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Fig. 4 Effect of Fe(Ill) on Cr(VI) reduction at different tempera-
tures [Ccrevry 10 mg/L, 0.308 g/L of sugarcane molasses, pH 2.5]

reduction was observed in the presence of Fe(IIl) com-
pared with that without Fe(Ill). The reaction could be
described by a pseudo-first-order kinetic model with
respect to Cr(VI) concentration at different molasses
concentrations. The initial reaction rates increased by
0.24, 0.50, and 0.68 times with or without Fe(IIl) when
the sugarcane molasses concentrations were 0.154,
0.308, and 0.617 g/L, respectively. These results illus-
trate that increasing the molasses concentration could
strengthen Fe(III) catalysis of Cr(VI) reduction.

3.5 Reaction Mechanism

Fe(IIT) could improve the reaction rate of Cr(VI) reduc-
tion and increase the removal efficiency of Cr(VI) by
organic reducing substances in sugarcane molasses un-
der various environmental conditions. To ascertain the
mechanism through which Fe(Ill) facilitates the Cr(VI)
reduction by sugarcane molasses, we summarize and
analyze our findings below.

First, we measured the Fe(II) concentration during
the experiment. Only a small amount of ferrous iron
(<0.2 mg/L) was observed after complete Cr(VI)

Table 3 Kinetics of Cr(VI) reduction at different temperatures in
the presence of Fe(II)

Conditions Kobs (071) Vinigal (m@/(L*h)) 1o () R

30 °C+0 mg/L  0.2292 2.292 3.02  0.9902
30 °C+5 mg/L  0.328 3.280 2.11  0.9845
20 °C+0 mg/L  0.0934 0.934 7.74  0.9942
20 °C+5 mg/L  0.1576 1.576 426 0.9986
10 °C+0 mg/L  0.0313 0313 22.80 0.9856
10 °C+5 mg/L  0.0580 0.580 13.51  0.9889
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reduction. This observation may be attributed to the fact
that Fe(Il) generated in the reaction system reduced
Cr(VI) to Cr(Ill) quickly and itself into Fe(Ill); thus,
Fe(Il) was detected after complete Cr(VI) removal
(Chen et al. 2015a; Lin and Huang 2008). Hynes and
Coinceanainn (2001) reported that the Fe(IlT) complexes
of gallic acid (containing phenol hydroxyl groups) sub-
sequently decomposed to form Fe(Il) and the corre-
sponding semiquinone (the product of the phenolic hy-
droxyl group loses electron). This observation shows
that the redox activity of phenolic hydroxyl group from
polyphenols is stronger than that of a-hydroxyl group
from organic acid. Second, «-hydroxyl group is a key
factor both in the reduction of Cr(VI) and the catalytic
effect of Al(IIT), Mn(II), and Fe(IIl) (Chen et al. 2013;
Hug et al. 1997; Khan et al. 1998; Babu et al. 2004; Li
etal. 2007). Organic acids with more «-hydroxyl groups
exhibit stronger reduction capabilities (Sun et al. 2009).
The relevant mechanism here involves formation of a
complex between organic acids and metal ions [e.g.,
AI(IIT), Mn(II), and Fe(IlI)] which significantly en-
hances the reductivity of «-hydroxy acids and further
leads to the more complicated Cr(VI)-tartaric acid-

12
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Fig. 6 Effect of Fe(Ill) on Cr(VI) reduction at different molasses
concentrations [ccyvry 10 mg/L, temperature 20 °C, pH 2.5]
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AI(IIT) cyclic ester, which significantly accelerates the
reduction rate.

Considering these results, we hypothesized that
Fe(Ill) can facilitate Cr(VI) reduction by organic
reducing matter (such as polyphenols) from sugar-
cane molasses through mechanisms I and II. Mech-
anism I consists of two steps: first, organic reduc-
ing substances in sugarcane molasses can complex
with Fe(Ill) and subsequently decompose to form
Fe(I); second, the generated Fe(Il) rapidly reduces
Cr(VI) to Cr(Ill) and is itself oxidized to Fe(IIl)
during the experiment. In mechanism II, organic
reducing matter complexes with both Fe(III) and
Cr(VI) can reduce the reaction activation energy
and accelerate electron transfer between Cr(VI)
and organic reducing substances compared with
that of organic reducing matter complexes with
Cr(VI), decomposing to form Cr(IlI). Based on
the Fe(Il) concentrations observed, mechanism II
appears to be the major route for Fe(Ill) catalysis
of Cr(VI) reduction by sugarcane molasses. These
results are significant for promoting the use of
sugarcane molasses in the remediation of Cr(VI)-
contaminated groundwater because iron is abundant
in groundwater.

4 Conclusions

Fe(lll) can catalyze Cr(VI) reduction by organic re-
ducing matter in sugarcane molasses. The reaction
can be described by a pseudo-first-order kinetic mod-
el with respect to Cr(VI) concentration under different
conditions. The catalytic effect of Fe(Ill) shows a
linear positive correlation with Fe(IIl) concentration
when the Fe(Ill) concentration is no more than
10 mg/L. Fe(Ill) catalysis of Cr(VI) reduction occurs
more strongly within the pH range 3.5-4.0 and at
lower temperatures. The main mechanism involves
organic reducing matter complexes with both Fe(III)
and Cr(VI) reducing the reaction activation energy,
facilitating Cr(VI) reduction by organic reducing mat-
ter in the presence of Fe(Ill). These findings are
significant for promoting the application of sugarcane
molasses to the remediation of Cr(VI)-contaminated
groundwater.
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