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Abstract This research was conducted to investigate the

treatment of hexavalent chromium (Cr(VI)) by iron powder

(Fe(0)) columns of simulated permeable reactive barriers

with and without calcium carbonate (CaCO3). Two col-

umns filled with Fe(0) were used as Cr(VI) removal

equipment running at a flow velocity of 10 ml/min at room

temperature. After 200 days running of the two columns,

the results showed that Fe(0) was an effective material for

Cr(VI) reduction with an average removal rate of above

84.6%. The performance of Column 2 with CaCO3 was

better than Column 1 without CaCO3 in terms of average

Cr(VI) removal rate. The presence of CaCO3 buffered the

increasing pH caused by Fe(0) corrosion in Column 2 and

enhanced the removal rate of Column 2. Scanning Electron

Microscopy (SEM) images of Fe(0) in the three stages of

running of the two columns illustrated that the coat layer of

Column 1 was a little thicker than that of Column 2.

Energy-dispersive spectrometry (EDS) results showed that

the surface of Fe(0) of Column 2 contained more chro-

mium elements. Raman spectroscopy found that all iron

oxide was generated on the Fe(0) surface of Column 1 and

Column 2 and chromium class objects were only detected

on Fe(0) surface in Column 2.
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Calcium carbonate � Iron powder

Introduction

Cr is a common heavy metal pollutant from groundwater

(Kjeldsen and Locht 2002). The main existence forms of Cr

in groundwater are the oxidation states of Cr(III) and

Cr(VI) (Barrera-Dı́az et al. 2012). The nature of Cr is

associated with its valence states of existence (Cohen et al.

1993). Cr(VI) is toxic and is easy to be absorbed and

accumulated by organisms and makes them carcinogenic

(Costa 1997; Costa and Klein 2006). In contrast, a trace of

Cr(III) is beneficial for organisms and Cr(III) can form

insoluble precipitates under slightly acidic or neutral con-

ditions (Rai et al. 1989). Therefore, Cr(VI) is the main

object to be removed due to its toxicity and carcino-

genicity. It is considered to reduce Cr(VI) into Cr(III) and

remove Cr(III) precipitates from the groundwater polluted

by Cr(VI). Reagent-grade iron (Fe(0)) was successfully

used to reduce Cr(VI) to Cr(III) under acidic conditions

(Gould 1982; Gheju 2011). Batch and column experiments

were performed to evaluate the potential of the two types of

Fe(0) for the removal of Cr(VI) (Blowes and Ptacek 1992).

Fe(0) has become the best material in repairing ground-

water polluted by Cr(VI), because it has the characteristics

of cheap and fast reaction rate (Fu et al. 2014). Since the

late 1990s, a number of pilot-scale field permeable reactive

barriers (PRBs) composed of granular Fe(0) and other

materials were installed in situ in the reduction of Cr(VI)

and trichloroethylene (TCE) (Blowes et al.1997; Puls et al.

1999; Puls 1999; Wilkin et al. 2005; Henderson and

Demond 2007; Yang et al. 2007; Thiruvenkatachari et al.

2008). Although PRB bearing Fe(0) has been effectively

used to treat Cr(VI), there is a major problem of PRB

longevity. Some reports found a decrease in Fe(0) reac-

tivity with reaction time (Eykholt et al. 1999; Mackenzie

et al. 1999; Liang et al. 2005). Fe(0) reactivity has an
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important effect on PRB longevity and the decrease is

attributed to the consumption of the reactive Fe(0) and the

decline of reactive surface of Fe(0) due to the mineral

precipitates (O’Hannesin and Gillham 1998; Vogan et al.

1999; Liang et al. 2000; Kamolpornwijit et al. 2003;

Wilkin and Puls 2003; Li et al. 2006; Jeen et al. 2008). The

minerals that precipitate on the Fe(0) surface depend on the

groundwater geochemistry and can vary according to sites

(Liang et al. 2000). Carbonate has been found to enhance

(Johnson et al. 1996) or inhibit (Devlin and Allin 2005)

reactivity depending on the groundwater conditions. It has

also been found to enhance the reactivity initially and then

inhibit it over long term (Klausen et al. 2003). CaCO3 is a

conventional inorganic component in groundwater and its

influence on the activity of Fe(0) is also very important. In

this research, we focused on the influences of CaCO3 on

Fe(0) corrosion. The objectives of this research were to

investigate the effects of dissolved CaCO3 on Fe(0) reac-

tivity toward Cr(VI) reduction, study Cr(VI) removal,

solution pH change, Fe(0) powder surface materials

through the columns experiments and illustrate the corro-

sion mechanism of Fe(0).

Materials and methods

Iron characterization

The main material in the experiment was iron powder with

a size range of 325–425 lm and purity over 98.5%. Its

loose loaded density was approximately 2.6 g/cm3. The

impurities of iron included Mn, Si, C and S, the contents of

which were 0.30, 0.11, 0.02 and 0.02%, respectively. In

addition, in the iron there are a few materials insoluble in

hydrochloric acid.

Groundwater sample

Potassium dichromate (K2Cr2O7) and CaCO3 of analytical

grade were used as experimental reagents. The clean

groundwater with added K2Cr2O7 or K2Cr2O7 and CaCO3

was used as polluted groundwater. The concentrations of

Cr(VI) solution and CaCO3 solution were 10 mg/L and

50 mg/L, respectively.

Experimental system

The photo of the two columns and the schematic of the

experimental system are shown in Fig. 1. A laboratory-

scale PRB system was developed using two similar con-

tinuous flow columns filled with Fe(0) powder to remove

Cr(VI) of the polluted groundwater. The inner diameter of

the columns was 10 cm, and the length of the columns was

80 cm. There were five sampling ports located at 10, 20,

30, 40 and 50 cm from the influent end of the columns. At

the bottom of the columns, 5 cm-thick quartz sand was

packed to support Fe(0) powder on the top of it. The cor-

responding solution was pumped into the columns from the

bottom using a multi-channel peristaltic pump (BT-50EA).

The influent flow velocity of the columns was designed as

10 ml/min. The influent of Column 1 contained 10 mg/L of

Cr(VI), and that of Column 2 contained 10 mg/L of Cr(VI)

and 50 mg/L of CaCO3. Samples were periodically col-

lected from all sampling ports, including the influent and

the effluent, and the Cr(VI) concentrations and pH of the

samples were measured using an atomic absorption spec-

trophotometer (TAS-990 Super) and acidity meter (pHs-

3E). The corrosion of the Fe(0) from columns was

observed by scanning electron microscopy (SEM)

(HITACHI), energy-dispersive spectrometry (EDS) and

Raman spectroscopy (Invia 2000). Experiments were con-

ducted at room temperature.

Results and discussion

Changes in pH

To study the pH changes in Column 1 and Column 2, the pH

values of the water samples from ten sampling ports of two

columns were monitored as the experimental system running.

Figure 2gives the results.Within28 daysof the runningof the

columns, the pH of the two columns rose fast, which illus-

trated that the reactionofFe(0) andCr(VI)was quick and there

was little precipitation on the surface of the iron to reduce the

activity of Fe(0). After 28 days, the pH of 10 cm from the

influent end of the two columns did not change significantly.

At this sampling spot, the pHofColumn2was higher than that

of Column 1, because the influent pH of Column 2 (pH 6.5)

was higher than that of Column 1 (pH 6.9). After 28 days, the

pH at 50 cm from the influent end of the two columns slowly

rose and the pH of Column 1 was a little higher than that of

Column 2. It was a consequence of the reaction of Fe(0) and

Cr(VI). The equations of the reaction were as follows (Dries

et al. 2005; Lai and Lo 2008):

Cr2O
2�
7 þ 2Fe0 þ 7H2O ! 2Cr3þ þ 14OH� þ 2Fe3þ;

ð1Þ

Cr3þ þ 3OH� ! Cr(OH)3; ð2Þ

2Cr3þ þ 6OH� ! Cr2O3 þ 3H2O, ð3Þ

Fe3þ þ 3OH� ! Fe(OH)3; ð4Þ

2Fe3þ þ 6OH� ! Fe2O3 þ 3H2O, ð5Þ

ð1�xÞFe3þ þ xCr3þ þ 3OH� ! ðCrxFe1�xÞðOHÞ3: ð6Þ
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In the equations, Fe(0) is oxidized to Fe(III), Cr(VI) is

reduced to Cr(III) and the reactions form the hydroxyl ions;

therefore, pH increases. After 28 days, some coating

reduced the iron reactivity gradually formed on the iron,

the reaction became slow and the consumption of hydrogen

ions decreased, so the increasing trend of pH became slow.

At the top of the column, there was more consumption of

hydrogen ions, so the pH of the effluent was higher than

that of the influent. pH of 50 cm from inffluent of Column

1 was a little higher than that of Column 2, because CaCO3

of Column 2 buffered the increasing pH.

Cr(VI) removal

During operation of the experimental system, the average

concentrations and removal of Cr(VI) of effluent in col-

umns were detected. The results are shown in Fig. 3.

Before 28 days of running, the Cr(VI) concentration in the

effluent was gradually increased both in Column 1 and

Column 2. But the effluent Cr(VI) concentration of Column

2 was slightly lower than that of Column 1. After 28 days,

the Cr(VI) concentration of Column 2 declined in general,

and the Cr(VI) concentration of Column 1 fluctuated up

and down. At 200 days, the Cr(VI) concentration of Col-

umn 1 was 1.31 mg/L and Cr(VI) removal rate was 86.9%;

the Cr(VI) concentration of Column 2 was 0.89 mg/L and

Cr(VI) removal rate was 91.1%. The results showed that

Column 2 acquired better Cr(VI) removal than Column 1.

This showed that a small amount of CaCO3 did not reduce

the removal of Cr(VI), but improved efficiency of removal

of Cr(VI). The addition of CaCO3 buffered the high pH

caused by Cr(VI) reduction and iron corrosion, and thus the

reduction reactions were enhanced. Specific reaction

equations are shown as follows: CO3
2-? H??HCO3

-,

HCO3
-? Fe2??FeHCO3

?, 2HCO3
-?Fe2??Fe(HCO3)

0.

These materials will form compounds with the Fe2? gen-

erated during iron corrosion, thus destabilizing the car-

bonate passive film and enhancing the corrosion process

(Klausen et al. 2003).

SEM images of the iron surface

Figure 4 shows the SEM images of the iron powder. SEM

images (magnification 500 and 3000) of the original iron

are shown in Fig. 4a, b. According to the two pictures,

Fig. 1 The photo of the two

columns and the schematic of

the experimental system
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there were many voids between the clean iron powder and

no coating around the granular iron. Figure 4c, d give the

SEM images of Column 1 after 100 day of column run-

ning. It was apparent from the pictures that a lot of floc-

culent and granular fines were attached to the surface of

iron powder. This phenomenon was due to a number of

precipitates produced during the reaction. Figure 4e, f were

the pictures of iron powder of Column 2 after 200 day of

column running. The pictures of the iron powder of Col-

umn 2 had a little different from Column 1. There were a

large number of rod-shape and granular fines attached to

the surface of granular iron. It showed that the two columns

of iron powder generated different substances of different

amounts.

EDS analysis of the iron surface

Surface elements of iron of different columns were ana-

lyzed by the energy-dispersive spectrometry (EDS). Fig-

ure 5 shows the EDS images of iron powder in Column 1

and Column 2. Figure 5a, b shows the scanning zones of

iron powder and the image of the EDS of Column 1. Fig-

ure 5c, d shows the scanning zones of iron powder and the

image of EDS of Column 2. From the images, it was clear

Fig. 4 SEM images of the iron

surface
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that Column 1 and Column 2 contained the same elements

of carbon, oxygen, silicon, calcium, chromium and iron.

Among them, the sources of silicon were impurities of the

iron or sand from the bottom of the columns, and carbon

and calcium come from the influent. Oxygen and chro-

mium come from potassium dichromate of the influent. The

weight content and atom content of specific elements of

different columns are shown in Table 1. Oxygen and

chromium contents in Column 2 were higher than those of

Column 1, which showed that potassium dichromate was

used more by iron and the reaction rate was fast. The

calcium content of Column 2 was higher than that of

Column 1, because Column 2 had added CaCO3. The iron

content of Column 1 was less than that of Column 2, which

showed that there was a relatively quick reaction in Col-

umn 2.

Raman spectroscopy analysis of the iron surface

To know which substances were generated on the surface

of iron, the iron surface was scanned by Raman spec-

troscopy. Figure 6a, b gives the pictures of the Raman

spectroscopy of iron of Column 1 and Column 2. The

Raman spectrum of the iron surface of Column 1 had peaks

at 151, 241, 289, 399, 463, 537, 553, 657 and 705 cm-1,

and the corresponding materials were CaCO3, a-Fe2O3,

Fe3O4, c-Fe2O3, a-FeOOH, d-FeOOH. The Raman spec-

trum of the iron surface of Column 2 had peaks at 156, 310,

367, 409, 458, 544, 600 and 662 cm-1, and the corre-

sponding materials were CaCO3, a-Fe2O3, Fe3O4, c-Fe2O3,

b-FeOOH, Cr2O3 and CrO4
2-. Iron oxide consisted of a

Fig. 5 EDS images of the iron surface

Table 1 Weight content and atom content of specific elements of

different columns

Elements Column 1 Column 2

Weight (%) Atom (%) Weight (%) Atom (%)

C 7.44 18.71 9.17 21.66

O 22.85 43.15 24.66 43.71

Si 0.62 0.67 0.58 0.59

Ca 0.38 0.29 3.74 2.65

Cr 0.15 0.09 0.28 0.15

Fe 68.55 37.09 61.56 31.25
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mixture of Fe2O3, Fe3O4 and FeOOH, and chromium oxide

included Cr2O3 and CrO4
2-. The substances generated on

the iron surface of the two columns had not much differ-

ence, which showed that the existence of CaCO3 did not

change the types of products. We obtained similar con-

clusions with Gui et al. (2009). Precipitate formation is

important to PRB technology because it governs the reac-

tivity of the iron surface (Phillips et al. 2000).

Conclusions

After 200 days of running of equipment at a flow velocity

of 10 ml/min at room temperature, the results testify that

iron powder with a size range of 325–425 lm and purity

over 98.5% was an effective material for Cr(VI) reduction

regardless of the absence of CaCO3, and the average

removal rate of Cr(VI) in the two columns was above

84.6%. But the presence of CaCO3 further increased Cr(VI)

removal rate of Column 2 in the case of dissolved CaCO3

of 50 mg/l. The photos of SEM, EDS and Raman spec-

troscopy showed that through the reaction of Fe(0) and

Cr(VI), iron oxide and chromium oxide were generated on

the surface of iron. These materials on the iron surface play

a key role in PRB longevity.
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