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Characteristics and kinetics of hexavalent chromium
reduction by gallic acid in aqueous solutions
ZiFang Chen, YongSheng Zhao and Qin Li

ABSTRACT
Gallic acid (GA) is a naturally occurring plant polyphenol compound. Experiments were conducted to
study the kinetics and effects of pH, temperature, irradiation, and initial hexavalent chromium (Cr(VI))
concentration on Cr(VI) reduction by GA. Results indicated that Cr(VI) could be reduced to chromium
oxide (Cr(III)) with GA in a wide range of pH values from 2.0 to 8.5. The reaction followed a pseudo-ﬁrstorder kinetic model with respect to Cr(VI) and GA in acid conditions (pH 2.0–5.0). However, the reaction
did not follow the pseudo-ﬁrst-order kinetic model at pH 6.5 and 8.5. Removal efﬁciencies and reaction
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rate constants of Cr(VI) signiﬁcantly increased with decreasing pH value and increasing temperature.
The effect of irradiation on Cr(VI) reduction increased with increasing pH, and irradiation improved the
removal efﬁciency of Cr(VI) by 11.29% at pH 6.5. At pH 2.0, nearly all molar ratios of GA required for the
reduction of Cr(VI) were 1:2 (±0.1) under different initial Cr(VI) concentrations; however, the molar
ratios of GA required for the reduction of Cr(VI) were 1:1.29, 1:1.43, and 1:1.69, respectively, when the
initial Cr(VI) concentrations were 10, 25, and 50 mg/L at pH 5.5.
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INTRODUCTION
Chromium contamination is a signiﬁcant environmental
problem worldwide. In China, chromium is one of the
most common pollutants at hazardous waste sites and is
considered a priority pollutant by the Environmental Protection Agency (Edward et al. ; Liu et al. ). Extensive
distribution of this pollutant in the environment is from
natural and anthropogenic sources, particularly industrial
pollution sources, such as the refractory industry, wood
preservation, leather tanning processes, and electroplating
industries (Miretzky & Cirelli ). In general, chromium
can exist in nine different valence states ranging from 2
to þ6, but trivalent chromium (Cr(III)) and hexavalent chromium (Cr(VI)) are the two predominant forms because of
their stability in natural environments (Saputro et al. ).
Nakayama et al. () reported that the distribution of chromium species in natural waters was 25–40% for inorganic
Cr(VI), 10–20% for inorganic Cr(III), and 45–60% for
Cr(III) complexed with dissolved organic carbon.
The toxicity of chromium is directly relevant to its chemical species and the total concentration of all species in the
natural environment. Hexavalent chromium is a strong oxidizing and mobile agent, and is highly toxic and carcinogenic to
doi: 10.2166/wst.2015.157
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animals and humans (Machado et al. ; Tsopmo et al.
). In contrast, Cr(III) is relatively less toxic and less
mobile in the environment, and a small amount of Cr(III) is
biologically essential to mammals because it maintains an
effective metabolism (Guru et al. ). Trivalent chromium
tends to precipitate or bind to the surface of the medium. Compared with Cr(III), Cr(VI) can easily move through sediment
and enter aquifers to contaminate groundwater (Cundy et al.
). The discharge of Cr(VI) to surface water is regulated
to below 0.5 mg/L by the Ministry of Environmental Protection in China, while total Cr, including Cr(III) and Cr(VI), is
regulated to below 1.5 mg/L. Given that the valence states of
chromium determine its toxicological effects and physicochemical properties, such as mobility and transport behavior,
reduction of Cr(VI) to Cr(III) is one of the major routes for
remediation of chromium-contaminated environmental sites
(Palmer & Wittbrodt ).
The common methods for removing Cr(VI) from soil
and water are bioremediation and chemical reduction. Bioremediation of Cr(VI) was performed in some contaminated
sites by using bacterial strains to enzymatically reduce this
metal (Oliver et al. ; Krishna et al. ; Jeyasingh
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et al. ; Molokwane et al. ). However, bactericidal
toxicants or indigenous microorganisms found in contaminated sites would suppress the growth and actual
effectiveness of these bacterial strains (Focardi et al. ;
Chirwa et al. ). Chemical reduction can signiﬁcantly
reduce Cr(VI) to Cr(III), thereby reducing the toxicity of
the contaminated environment. In chemical reduction, conventional reductants include zero-valent iron-based reagents
(Chen et al. ; Qiu et al. ; Fu et al. ), ferrous-based
mixed reagents (Ludwig et al. ; Chen et al. ; Henderson et al. ), and sulfur-based reagents (Chrysochoou
et al. ; Ali et al. ; Sun et al. ). However, some
reductants are suppressed or are ineffective under the
actual conditions in contaminated sites, whereas other
reductants may introduce additional environmental problems, such as secondary pollution.
Some naturally occurring organic compounds and
environment-friendly organic molecules have been considered
for the removal of Cr(VI) from aqueous solutions. Arakawa
et al. () reported that Cr(VI) was efﬁciently reduced using
alkaline extracts from dead leaves. Okello et al. () demonstrated that quercetin and other ﬂavonoids were safe and
effective reductants that could quickly reduce Cr(VI) to Cr(III).
Xu et al. () reported that vitamin C could be used in the
effective remediation of Cr(VI) contaminated soils and groundwater at a wide range of pH levels with or without sunlight. Like
ﬂavonoids, gallic acid (GA) is a simple polyphenol, widely present in plants and fruits, which is considered one of the
precursors of humic substances and is non-toxic to the environment, acting as a free radical scavenger in industry (Asnaashari
et al. ; Lu et al. ). Nakayasu et al. () compared the
rate of reduction of Cr(VI) using humic substances containing
GA and tannic acid and evaluated the chemical species of chromium after the reduction of Cr(VI) by GA in strong acidic
conditions, which did not conform with the pH range in the
natural environment.
Gallic acid could reduce Cr(VI) to Cr(III) because the
phenolic hydroxyl group has the characteristics of easy oxidation, and the mechanism is that Cr(VI) acts as an
electrophile that readily accepts electrons from the phenolic
hydroxyl group of GA; it is reduced to Cr(III) and the phenolic hydroxyl group to a quinone (Elovitz & Fish ;
Nakayasu et al. ; Xu et al. ; Eslami et al. ). However, few studies have investigated the characteristics of the
reaction on the reduction of Cr(VI) with GA. In this article,
the reaction of Cr(VI) reduction with GA was studied using
potassium dichromate solution as a model contaminant. We
aimed to evaluate the kinetics of Cr(VI) reduction with
respect to Cr(VI) with GA concentration and the effects of
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various parameters such as pH, temperature, irradiation
and initial Cr(VI) concentration. Furthermore, the molar
ratio of GA required for the reduction of Cr(VI) was discussed under different pH values.

MATERIALS AND METHODS
Reagents
GA and diphenylcarbazide were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Potassium dichromate, sulfuric acid (98%), phosphorus acid (85%), sodium
hydroxide, glacial acetic acid, and anhydrous sodium carbonate
were supplied by a chemical plant (Beijing Chemical Works,
Beijing, China). Folin–Ciocalteu reagent was purchased from
Beijing Dingguo Changsheng Biotechnology Co., Ltd
(Beijing, China). All the chemicals were of analytical pure
grade and were used as received without any pretreatment.
For the experiment, deionized water prepared with Milli-Q
Direct (Merck Millipore, Billerica, MA, USA) was used.
Experimental methods
The GA solution was prepared by dissolving 0.12 g of GA into
deionized water and subsequently diluting it to 2,000 mL to
obtain a 60 mg/L GA solution. The Cr(VI) solution was prepared
by dissolving a certain amount of potassium dichromate in deionized water and subsequently diluting it to 1,000 mL to
obtain 20, 50, and 100 mg/L Cr(VI) solutions, respectively.
The reactions were conducted in 250 mL brown reaction bottles.
Reaction mixtures were obtained by collecting 100 mL of Cr(VI)
solution (20 mg/L), adjusting the pH value, and adding
100 mL GA solution (60 mg/L) unless otherwise speciﬁed.
The initial pH of the solution was adjusted with sulfur solution
(0.5 M) and sodium hydroxide solution (1.0 M).
Four groups of experiments were established to determine
the effects of pH, temperature, irradiation, and initial Cr(VI)
concentration on Cr(VI) reduction by GA. To study the
effect of pH on Cr(VI) reduction, the pH values used were
2.0, 3.0, 4.0, 5.0, 6.5, and 8.5 (±0.1), respectively. To study
the effect of temperature, experiments with pH levels of 2.5
and 5.5 were performed at different temperatures, namely,
10, 20, and 30 C (±1 C). To study the effect of irradiation,
brown reaction bottles and transparent reaction bottles were
used under unﬁltered light. To study the effect of initial
Cr(VI) concentration, Cr(VI) at initial concentrations of 10,
25, and 50 mg/L was reacted with GA at 30 mg/L
(0.175 mmol/L), at pH levels of 2.5 and 5.5. At regular time
W

W
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intervals, 1.0 mL of the mixture solution was collected to
determine Cr(VI), and another 5.0 mL of the solution was
used to determine GA. All experiments were conducted in a
temperature-controlled room at 20 ± 1 C unless otherwise
speciﬁed. Each experiment was repeated thrice.
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developed an empirical rate expression based on the reaction of Cr(VI) reduction with phenols, and the reaction
rate can be expressed as follows:

W

Analytical methods
Hexavalent chromium was measured by the spectrophotometric method at 540 nm using the diphenylcarbazide
method after the dilutions. Total chromium was determined
by ﬂame atomic absorption spectrometry. The Folin–
Ciocalteu method was used to measure the concentration
of GA at 765 nm by ultraviolet spectrophotometer (Singleton et al. ). The pH and temperature were determined
using Hach DR900 (Hach Company, Loveland, CO, USA).
Instruments used in the experiment included UNIC 7200
visible spectrophotometer (Uinco (Shanghai) Instrument
Co. Ltd, Shanghai, China), Shimadzu AA-6300 atomic
absorption spectrophotometer (Shimadzu Corp., Kyoto,
Japan), and WFZUV-2802H ultraviolet spectrophotometer
(Uinco (Shanghai) Instrument Co. Ltd, Shanghai, China).
Kinetics model
Previous studies have demonstrated that the overall reaction
of Cr(VI) could be characterized by the pseudo-ﬁrst-order
kinetics model (Wittbrodt et al. ; Nakayasu et al. ;
Park et al. ), and the rate model can be expressed as
follows:
ν¼

dc
¼ kobs c
dt

(1)

ν¼

dc
¼ kArOH c × cGA
dt

(4)

where cGA is the GA initial concentration, and kArOH
(M1 · h1) is the empirical second-order rate constant; kobs
is calculated by combining Equations (1) and (4) as follows:
kobs ¼ kArOH × cGA

(5)

RESULTS AND DISCUSSION
Effect of pH on Cr(VI) reduction
The relationship between the Cr(VI) reduction reaction and
the different pH values is shown in Figure 1. The removal
efﬁciencies of Cr(VI) were 100, 100, 64.01, 38.81, 16.08,
and 16.12% at different pH values. GA could reduce
Cr(VI) to Cr(III) in a wide range of pH values (2.0–8.5).
The initial pH had a signiﬁcant effect on the reduction of
Cr(VI) by GA (Figure 1). At pH  3.0, the removal efﬁciency
of Cr(VI) was 100% within 56 hours. Decreasing pH level
resulted in lower reaction time in the mixture solution (the
reaction time is the contact time when Cr(VI) concentration
was indeclinable in the reaction system). When pH was
>3.0, the removal efﬁciency of Cr(VI) reduction decreased
in the aqueous solution.
According to the experimental data, the reaction rate
of Cr(VI) reduction by GA could be described by the

where ν is the reaction rate, c is the Cr(VI) concentration,
and kobs is the pseudo-ﬁrst-order rate constant. Equation
(1) can be integrated to calculate Equation (2) as follows:
lnc ¼ lnc0  kobs t

(2)

Thus, half-time (t1/2) is calculated via Equation (3):
t1=2 ¼

ln2
kobs

(3)

where c0 is the initial Cr(VI) concentration, and t is the reaction time.
However, the kobs values depend on the concentration
of Cr(VI) and GA. Therefore, Elovitz & Fish (, )
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Figure 1

|

Effect of pH on Cr(VI) reduction: (a) pH 2.0, (b) pH 3.0, (c) pH 4.0, (d) pH 5.0, (e)
pH 6.5, and (f) pH 8.5.

1697

Z. Chen et al.

|

Hexavalent chromium reduction with gallic acid

Water Science & Technology

pseudo-ﬁrst-order kinetic model at pH < 5.0. This result was
consistent with the conclusion of Nakayasu et al. ().
However, the reaction could not be described by the
pseudo-ﬁrst-order kinetic model because R 2 was <0.5 at
pH levels of 6.5 and 8.5, indicating that [Hþ] is insufﬁcient
in the reaction solutions. Table 1 summarizes the rate constants at different pH values. These rate constants
indicated that the kArOH increased by 125.9, 54, and 9.19
times with decreasing initial pH from 5.0 to 4.0, 3.0, and
2.0, respectively. The pH level plays an important role in
the reduction of Cr(VI) by GA, and low pH levels promote
Cr(VI) reduction. Therefore, the reduction rate of Cr(VI)
was increased with decreasing pH value, and the removal
efﬁciency was higher under acidic conditions than under
neutral or weak alkaline conditions.
In the experiments, the pH was measured after the
reaction. The solution pH changed from initial pH values
(2.0, 3.0, 4.0, 5.0, 6.5, and 8.5) to 2.1, 3.2, 5.96, 6.35, 6.71,
and 7.28, respectively. Results illustrated that Cr(VI)
reduction with GA would result in increasing pH in
acidic conditions because [H] participated in the reaction
and combined with oxygen ions to generate [H2O]. At pH
8.5, the pH was decreased in the reaction system. This
may be explained because GA is a trihydroxybenzoic

Table 1

|

pH

cGA/mmol/L

103kobs/h

kArOH/M

2.0

0.175

951.6

5437.7

3.0

0.175

103.6

4.0

0.175

17.3

5.0

0.175

7.5

6.5

0.175

5.1

8.5

0.175

1.0

Figure 2

|

Rate constant and half-time of Cr(VI) reduction at different pH values
1

1 1

h

t1/2/h

R2

0.7

0.9455

592.0

6.7

0.9747

98.9

40.1

0.8531

42.9

92.4

0.9225

29.1

135.9

0.4912

5.7

693.1

0.4135

Effect of temperature on Cr(VI) reduction at pH 2.5 and 5.5: (a) pH 2.5; (b) pH 5.5.
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acid, a type of organic acid, which could be hydrolyzed
in solution.
Effect of temperature on Cr(VI) reduction
To explore the effect of temperature on Cr(VI) reduction by
GA, two groups of experiments were conducted in brown
reaction bottles at different temperatures. At pH 2.5,
the reaction times were 22, 9.5, and 6 hours when the reaction temperatures were 10, 20, and 30 C, respectively
(Figure 2(a)). Increasing the reaction temperature could
shorten the reaction time in the mixture solution. At pH
5.5, the contact time when Cr(VI) concentration was indeclinable in the reaction system was more than 170 hours
at different temperatures, which was longer than the reaction time at pH 2.5. The removal efﬁciencies of Cr(VI)
were 47.62%, 55.35, and 58.13% when the reaction temperatures were 10 C, 20 C, and 30 C, respectively (Figure 2(b)).
Increasing the reaction temperature could improve the
removal efﬁciency of Cr(VI) when [Hþ] was insufﬁcient in
the reaction solution.
The reaction rate of Cr(VI) reduction by GA followed a
pseudo-ﬁrst-order kinetics model because the correlation
coefﬁcient (R 2) was greater than 0.85 at different temperatures. Low pH could improve the reaction rate constants
of the Cr(VI) reduction under different temperature conditions (Table 2). The kArOH increased by 0.61 and 2.68
times at pH 2.5 and by 0.25 and 0.344 times at pH 5.5
when the reaction temperature was adjusted from 10 C to
20 C and 30 C, respectively (Table 2). Increasing the temperature could improve the reaction rate of the Cr(VI)
reduction, thereby implying that high temperature could
increase the number of activated molecules and could promote Cr(VI) reduction. Therefore, temperature has a
signiﬁcant effect on the reduction of Cr(VI), and increasing
W

W

W

W

W

W

W
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1

1 1

T/ C

cGA/mmol/L

103kobs/h

2.5

30

0.175

756.7

4324.0

0.9

0.9851

20

0.175

324.4

1853.7

2.1

0.9913
0.9987

W

kArOH/M

h

t1/2/h

10

0.175

200.9

1148.0

3.4

0.175

4.3

24.6

161.2

0.858

20

0.175

4.0

22.9

173.3

0.8915

10

0.175

3.2

18.3

216.6

0.9115

the temperature could improve the reaction rate and
improve the removal efﬁciency of Cr(VI) during Cr(VI)
reduction by GA.
In addition, activation energy (Ea) was evaluated from
the rate constant study by plotting ln(kobs) versus 1/T(K).
The activation energy for reduction under 293, 303 313 K
was found to be 47.16 kJ mol1.
Effect of irradiation on Cr(VI) reduction
The effect of irradiation on the reduction of Cr(VI) by GA
was studied with unﬁltered sunlight. The effect of
irradiation was negligible when the pH was 3.0
(Table 3). However, the effect of irradiation gradually
increased with increasing pH value and when the pH
was >3.0. At pH 6.5, irradiation could improve the
removal efﬁciency of Cr(VI) by 11.29% in the reaction
of Cr(VI) reduction by GA. Irradiation catalyzed the reaction of Cr(VI) and GA, and improved the removal
efﬁciency of Cr(VI) at pH >3.0. This ﬁnding implies that
irradiation promoted electron transfer between the phenolic hydroxyl group and Cr(VI) in the reaction (Yurkow
et al. ; Mytych et al. ).
Effect of initial Cr(VI) concentration on Cr(VI) reduction
To determine the effect of initial Cr(VI) concentration on
the reduction of Cr(VI) by GA, studies were conducted
with different initial Cr(VI) concentrations (10, 25, and
50 mg/L) at pH 2.5 and 5.5 (Figure 3). At pH 2.5, the
|

Removal efﬁciency of Cr(VI) with or without irradiation units (%)

pH

2.0

3.0

4.0

5.0

6.5

8.5

Dark

99.87

99.87

64.01

38.81

16.08

16.12

Sunlight

99.87

99.87

70.81

48.85

27.37

38.42

6.80

10.04

11.29

12.30

△

|

2015

R2

30

Table 3

71.11

Rate constant and half-time of Cr(VI) reduction at different temperatures

pH

5.5

|

0

0
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Figure 3

|

Effect of initial Cr(VI) concentration on Cr(VI) reduction.

removal efﬁciencies of hexavalent chromium were 99.87%,
73.65%, and 36.63%, however, the molars of GA required
for the reduction of Cr(VI) are 0.095, 0.170, and
0.171 mmol/L, respectively (initial GA concentration
0.175 ± 0.01 mmol/L). So, the molar ratios of GA required
for the reduction of hexavalent chromium were 1:2.02,
1:2.08, and 1:2.06 (±0.2), respectively, under the different
initial Cr(VI) concentrations. However, the removal efﬁciencies of Cr(VI) were 57.82%, 38.86%, and 26.22%, and the
molars of GA required for the reduction of Cr(VI) are
0.086 mmol/L, 0.123 mmol/L, and 0.169 mmol/L, respectively. The corresponding molar ratios of GA required for
the reduction of Cr(VI) were 1:1.29, 1:1.43, and 1:1.69
(±0.2) at pH 5.5, respectively.
The effect of the initial Cr(VI) concentration on Cr(VI)
reduction by GA differed with various pH levels. At pH
2.5, the initial Cr(VI) concentration had little effect on the
Cr(VI) reduction, but the removal amount of Cr(VI) per
unit time increased with increasing initial Cr(VI) concentration based on the nearly similar reaction time. The
molar ratio of GA required to reduce Cr(VI) was approximately 1:2, that is, each molecule of GA offers six
electrons to the reaction. The Hþ played an important role
in the reaction, and sufﬁcient Hþ might eliminate the
effect of different initial Cr(VI) concentrations on the
Cr(VI) reduction. At pH 5.5, the molar ratio of GA required
for the reduction of Cr(VI) gradually decreased with increasing initial Cr(VI) concentration. This may be explained
because higher initial Cr(VI) concentration could provide
more activated molecules, thereby improving the reaction
moles of Cr(VI) when the number of hydrogen ions was
insufﬁcient (at pH 5.5). This result is similar to phenols oxidation reactions at different pH levels (Elovitz & Fish ).
Therefore, the reaction involved in the Cr(VI) reduction by
GA was complicated because of the different molar ratios
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of GA required for the reduction of hexavalent chromium
under different conditions.

CONCLUSION
Reduction of Cr(VI) by GA was studied using potassium
dichromate solution as the target contaminant. Gallic
acid is a non-toxic substance and a naturally occurring
reductant that could reduce Cr(VI) to Cr(III) in a wide
range of pH values, thereby reducing the toxicity of
Cr(VI)-contaminated aqueous solutions. The reaction followed a pseudo-ﬁrst-order kinetics model with respect to
Cr(VI) and GA at pH 5.0. The pH and temperature signiﬁcantly affected the reduction of Cr(VI). A decrease in
pH value or an increase in temperature could accelerate
the reaction rate and signiﬁcantly improve removal efﬁciency. Irradiation with unﬁltered sunlight could
improve the removal rate of Cr(VI) at pH > 3.0. The
effect of the initial Cr(VI) concentration was dependent
on the pH value, and a high initial Cr(VI) concentration
can promote Cr(VI) reduction with a unit of GA when
Hþ is insufﬁcient in the aqueous solution (pH 5.5). On
the contrary, a different Cr(VI) concentration has no
effect on molar ratios of GA required for the reduction
of Cr(VI) at pH 2.5.
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