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Abstract: Zero valent iron (ZVI) was prepared by reducing natural goethite (NG-ZVI)
and synthetic goethite (SG-ZVI) in hydrogen at 550 °C. XRD, TEM, FESEM/EDS and
specific surface area (SSA) and pore analyser are used to characterize goethites and
reduced goethites. Both NG-ZVI and SG-ZVI with a size of nanoscale to several
hundreds of nanometers were obtained by reducing goethites at 550 °C. The reductive
capacity of the ZVIs was assessed by removal of Cr([]) at ambient temperature in
comparison with that of commercial iron powder (CIP). The effect of contact time,
initial concentration and reaction temperature on Cr([]) removal is investigated.
Furthermore, the uptake mechanism is discussed according to isotherms,
thermodynamic analysis and the results of XPS. The results showed that SG-ZVI had
the best reductive capacity to Cr([]) and reduced Cr([1) to Cr([]). The results suggest
that hydrogen reduction is a good approach to prepare ZVI and this type of ZVI is
potentially useful in remediating heavy metals as a material of permeable reaction

barrier.
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1. Introduction

zero valent iron (ZVI) was attracting increasing attention since the discovery of
ZVI1 in 1990 [1] and nano zero valent iron (NZVI) in 1997 [2] and the first successful
synthesis of NZVI [3] for water purification. Up to now, NZVI has been demonstrated
to be an effective material for removal/decomposition of many contaminants, such as
halogenated organic compounds, chlorinated pesticides [4, 5], chlorinated aliphatic [6],
polychlorinated biphenyls [7], polybrominated diphenyl ethers [8, 9], trichloroethene [2,
10, 11], nitroamines [12], nitroaromatics [13, 14], organophosphates [15], and inorganic
anions, notably nitrate [16-19], alkaline earth metals (barium and beryllium) [20, 21],
heavy metals (cobalt, copper, lead, nickel, zinc, cadmium, etc) [22-27], metalloids
(arsenic and selenium) [28-32], and actinides (uranium and plutonium) [33-35]. A
number of reviews have been published on the removal/degradation of contaminants in
surface or subsurface waters, the development and application of iron-based permeable
reactive barriers (PRB), and the problems concerning the utilization of ZVI in PRB [36-
39]. There are three factors restricting the practical application of the PRBs, namely, the
reactivity and cost of ZVI, the design of PRB, and hydraulic conditions. Much research
has therefore been directed at synthesizing ZVI of high reactivity and low cost. Among
the many methods that have been employed for the preparation of ZVI are chemical
vapor deposition, inert gas condensation, pulsed laser ablation, spark discharge
generation, sputtering gas-aggregation, thermal decomposition, thermal reduction of
iron oxide compounds, hydrogenation of metallic complexes, and the aqueous reduction
of the iron salts[17, 37, 40-43]. The reactivity of original iron is considerably low,
although this kind iron is inexpensive. To the best of our knowledge, iron with small
particle size and large specific surface area generally possesses a good reactivity. That is
why the increasing attention on the use of NZVI instead of micro/macro ZVI as used in
PRB. If we get a type of ZVI with low cost and effective active, the two approaches
(injection of ZVI and PRB with granular ZVI) will be a possible technological options
in ground water remediation. It is therefore important to develop a simple method to

manufacture ZVI with large surface area and small size.



Natural goethite is widely distributed in soils and sediments with a crystal size
varying from tens of nanometer to several microns [44-48]. Goethite is the most stable
iron hydroxide species in the environment, and is used as a pigment and catalyst carrier.
Goethite also plays an active role in the migration, transformation, and accumulation of
plant nutrient elements (e.g., phosphorus) and some toxic substances (arsenic and heavy

metals) owing to its high specific surface area and surface activity [46, 49-52].

Here we report on the preparation of ZVI from natural goethite and synthetic
goethite by reduction at a high temperature in hydrogen. The morphology of ZVI is
examined using FESEM, while the particle size distribution was assessed by TEM. The
aim is to develop a novel and inexpensive approach for preparing ZVI, and to evaluate
the performance of removal of Cr(VI) from aqueous solution. The potential application
of functionalized goethite as a sorbent or/and catalyst was investigated by the reductive

degradation of Cr(VI).
2. Experimental
2.1 Materials and chemicals

Zero valent iron (ZVI) is made from reducing natural goethite (NG-ZVI) and
synthetic goethite (SG-ZVI). Natural goethite (goethite, a-FeOOH) was collected from
Tongling city, Anhui province, China. The natural goethite was crushed and sieved into
expected particle size (<75 pum) [53]. The synthetic goethite was obtained from
Zhenjiang city, Jiangsu province. Obtained goethites were reduced in hydrogen at 550
°C for 3h. The products were collected after cooling down completely in hydrogen.

Commercial iron powder (CIP) was bought from Sigma-Aldrich.

K,Cr,07 (assay>99%) used in this work was of analytical grade were bought from

Chem-supply and all solutions were prepared using deionized water (resistivity 18.2

MQ-cm). The solution pH was adjusted using HNO3; and KOH solutions.

2.2 Characterization



BET, 13-point BET-nitrogen isotherms were used to quantify changes in the
specific surface area. All samples were degassed at room temperature for 12 h before
analysis were conducted. The multi-point BET surface area of each sample was

measured at atmospheric pressure using TriStar I 3020 Surface Area.

XRD, X-ray diffraction (XRD) patterns were recorded using Cu Ka radiation (A =
1.5406 A) on a Philips PANalytical XPert Pro muti-purpose diffractometer. The tube
voltage is 40kV and the current, 40 mA. All XRD diffraction patterns were taken in the
range of 10-70° at a scan speed of 4 °min ' with 0.5° divergence slit size. Phase
identification was carried out by comparison with those included in the Inorganic

Crystal Structure Database (ICSD).

TEM, Transmission electron microscope (TEM) measurements were performed on
JEM-1010. The sample was mixed with absolute ethanol and deposited on a Cu grid.

Images of the microstructure were acquired using an analytical electron microscope.

FESEM/EDS, Field emission scanning electron microscope (FESEM)
measurements were performed on JEOL JSM-7100F with an energy dispersive x-ray

detector. All samples were coated gold by spraying before analysis.

XPS, X-ray photoelectron spectroscopy (XPS) measurements were performed on a
Kratos AXIS Ultra equipped with a monochromatic Al X-ray source at 225 W. A
survey scan was undertaken for each analysis from 0 to 1200 eV with a dwell time of

100 ms, pass energy of 160 eV at step of 1 eV with one sweep.

2.3 Removal of Cr(VI)

Three types of iron powder were used to remove Cr(VI) from aqueous solutions.
The effect of contact time (10, 20, 40 min, 1, 1.5, 3, 8, 24 h), the initial concentration
(about 0.05, 0.2, 0.5, 0.8. 1 mM) on removal of Cr(VI) by NG-ZVI and SG-ZVI was
investigated. Then, the effect of temperature (30, 40, 50, 60, 70°C) on removal of Cr(VI)
by SG-ZVI was investigated.

100£0.2 mg of ZVI was added to a 50 mL of Cr(VI)-containing solution with a
concentration about 0.2 mM in a 50 mL tube. All the tubes were put on rotation
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equipment (Ratek RSM7DC). About 6 mL of mixture was extracted after reaction 10,

20, 40 min, 1, 1.5, 3, 8, 24 h followed by filtration. 50+0.1mg of SG-ZVI was added to

a 50 mL of Cr(VI)-containing solutions with different initial concentration (0.18, 0.36,
0.82, 1.19, 1.61 mM) in a 50 mL tube. About 6 mL of mixture was extracted after
reaction 10, 20, 40 min, 1, 1.5, 3, 8, 24 h followed by filtration. Finally, the different
temperature (30, 40, 50, 60, 70 °C) was set to investigate the effect of reaction
temperature under the conditions of reaction 3h and 0.82 mM of Cr(VI). In the present
study, the initial solution pH was 4.08 and the ZVI was removed via filtration through a
0.22 pum syringe filter (Microscience hydraflon) at the designed time. Then the
supernatant was measured using an Agilent ICP-MS (HP 7500CE) with an auto-sampler.

3. Results and discussion
3.1 Characterization of three kinds of iron powder
3.1.1 XRD

The XRD patterns of reduced natural goethite (NG-ZVI), reduced synthetic
goethite (SG-ZVI) and commercial iron powder (CIP) are shown in Fig. 1. The
reflections at 26=30.1°, 35.5°, 57.2°, 62.7° were found and indentified as magnetite,
while the reflections at 26=44.7°, 65.1° were found and indentified as metallic iron
according to the database of ICSD. That is to say, the CIP was highly pure, however,
the NG-ZVI contained some magnetite and to a lesser extent, synthetic goethite was
transformed into magnetite after reduction probably due to the slight oxidation. The
magnetite in NG-ZVI was contributed to the existence of Al-substituted goethite which
hindered the transformation of goethite to metallic iron [53]. In a word, the three

different kinds of ZVI were obtained according to the XRD results.
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Fig. 1 XRD patterns of NG-ZVI, SG-ZVI and CIP
3.1.2 Electron microscopy

The TEM and SEM images of natural goethite before and after reduction are
shown in Fig. 2. The TEM image of natural goethite before reduction displayed some
rod-like, acicular substances and some substances with irregular shape. The former was
considered as the goethite crystal while the later was suggested as the impurity, such as
some quartz and clays [54]. After reduction, metallic iron particles with a size ranged
from nanoscale to several hundreds of nanometer replaced the acicular goethite as seen
in Fig. 2(a,e). The SEM image of natural goethite before reduction presented a big
aggregation composed of acicular substance with element composition of Fe, O, Al, Si.
However, the newly formed metallic iron showed nanoscale size after reduction and the
morphology of goethite disappeared and replaced by particles as seen in Fig. 2(f).
Moreover, the EDS also shown the existence of Si, Al, Mn, Zn besides the main
element of Fe and O, which indicated the natural goethite contained some impurities

consistent with the results of TEM image.

The TEM and SEM images of synthetic goethite before and after reduction and
SEM image of CIP are displayed in Fig. 3. The TEM and SEM images in Fig. 3(a,b)

showed synthetic goethite also presented acicular and rod-like morphology and almost
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no other substance can be found. However, the TEM and SEM images in Fig. 3(e,f)
displayed the goethites were replaced by irregular metallic iron with different size
varied from nanoscale to several hundreds of nanometer. Furthermore, the EDS of
synthetic goethite before and after reduction also indicated that the synthetic goethite
was pure and SG-ZVI still contained some O element consistent with the result of XRD.
As displayed in Fig. 3(g,f), CIP has an irregular shape with a micron size and just Fe
and trace of O was detected in CIP by EDS.

The results of characterization indicates that ZVI can be prepared by hydrogen
reduction of goethite. Both NG-ZVI and SG-ZVI with a ranged size from nanoscale to
several hundreds of nanometer were obtained by reducing natural goethite and synthetic

goethite. Besides, the CIP used in this work presented a micron size and irregular shape.
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3.1.3 Specific surface area

The N-adsorption-desorption isotherms of NG, SG, NG-ZVI, SG-ZVI and CIP,
and the surface area and pore properties are persented in Fig. 4. The specific surface
area (SSA), total pore volume (TPV) and average pore width (APW) of NG-ZVI
increased to 25.17 m*/g, 0.099 cm®/g and 11.01 nm after the transformation of FeOOH
to Fe” in hydrogen, which should be contributed to the dehydration and de-oxygenation
and the decrease of particle size. It goes without saying that these surface areas are
considerably higher than iron metal reported previously (from 0.5 to 1.8 m%/g) [55-57]
and similar to the report (24.4 m*/g) [58]. However, The SSA, TPV and APW of SG-
ZVI decreased to 9.5 m*/g, 0.02 cm’/g and 8.6 nm, which should be ascribed to the
aggregation of metallic iron due to sintering during the process of reduction. Finally, the
CIP had a poor surface area and pore structure than that of NG-ZVI and SG-ZVI as
observed in Fig. 4.
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£ 50
c
k=
§ 40
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S 20 NG
8, I
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0.0 0.2 04 0.6 0.8 1.0 1.2
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Fig. 4 Specific surface area and pore analysis of NG, NG-ZVI, SG, SG-ZVI and CIP
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3.2 Removal of Cr(VI)

3.2.1 Effect of contact time

The effect of contact time on removal of Cr(VI) by NG-ZVI, SG-ZVI and CIP is
presented in Fig. 5. The Cr(VI) removal increased from 17% to 88.2%, from 75% to
99.9% and from 0.3% to 18% by NG-ZVI, SG-ZVI and CIP, respectively, as the
reaction time increased from 10 min to 24 h. In addition, the SG-ZVI almost remove all
Cr(VI) from the aqueous solution as the reaction time is over 1 h, however, the other
two kinds of iron powder displayed poor capacity to Cr(VI), especially for CIP. It
indicated that Cr(VI) removed by the three kinds of iron powder is in the order of SG-
ZVI>NG-ZVI>CIP. In fact, ZVI has been documented to be an excellent material for
removal of Cr(VI) [59]. Furthermore, the suggested mechanism of removal of Cr(VI) by
Fe” mainly relied on the direct redox reaction between Fe’ and Cr(VI) or indirect
reduction by the corrosion products of Fe’ followed by precipitation or adsorption [60-
63]. Therefore, it was suggested that SG-ZVI had a stronger reductive activity to Cr(VI)
than that of NG-ZVI and CIP. The rapid decrease of total Cr(VI) concentration in the
aqueous solution indicated that the Cr(VI) was ultimately removed by virtue of
precipitation or/and adsorption. Adsorption by the corrosion products of Fe’ was
considered as the main mechanism of removal of Cr(VI) by NZ-ZVI and CIP due to the
low efficiency and the slow increase of Cr(VI) removal efficiency with the inrease of
reaction time. The extremely low SSA and TPV were regarded as the main factor
affecting the reduction activity of CIP, while the existence of impurity and incomplete
reduction during the preparation restricted the reductive activity of NG-ZVI. On the
contrary, the relatively small particle size and high purity promoted the reductive

activity of SG-ZVI to Cr(VI).
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Fig. 5 Effect of contact time on removal of Cr(VI) by three kinds of ZVI.

3.2.2 Effect of initial concentration

As described above, the CIP displayed a poor efficiency to remove Cr(VI),
however NG-ZVI and SG-ZVI exhibited relatively good efficiency. Thereby, the effect
of initial concentration of Cr(VI) on Cr(VI) removal by SG-ZVI and NG-ZVI as a
function of reaction time was investigated. In this section, the dosage of ZVI decreased

from 100 mg to 50 mg.

The effect of initial concentration on Cr(VI) removal by NG-ZVI as a function of
reaction time was shown in Fig. 6(a). As seen in Fig. 6(a), the Cr(VI) removal had a
considerable decrease with the increase of the initial concentration under the same
reaction time. The prolonged time improved the increase of Cr(VI) removal, especially
for low initial concentration. It indicated that the initial concentration seriously
influenced the Cr(VI) removal by NG-ZVI. The same phenomenon occurred on SG-ZVI
as displayed in Fig. 6(b). The initial concentration also affected the Cr(VI) removal by
SG-ZVI. Nevertheless, under the same conditions, the Cr(VI) removal by SG-ZVI was
always higher than that by NG-ZVI, indicating the removal efficiency of SG-ZVI was
absolutely stronger than that of NG-ZVI. In addition, SG-ZVI almost can remove all the
Cr(VI) from aqueous solution despite the dosage of SG-ZVI increased to the half when
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the initial concentration was 0.18 mM. As the initial concentration increased to 0.36
mM, the Cr(VI) concentration reached equilibrium and the removal came to 97% after
reaction 3h. The results revealed that SG-ZVI exhibited an excellent efficiency for

removal of Ccr(VI) from aqueous solution.

The pseudo-second-order kinetic equation [64] as followed is used to describe the

removal process, L P + L, where ¢ (min) is adsorption time, ¢, and g. (mg/g) are
qt qe qe

adsorption amount at the time of 7 and equilibrium, respectively, and £ is rate constant.

The pseudo-second-order model provided the best fit based on the experimental data as
shown in Fig. 7. Besides, the relative parameters are presented in the Table 1. The R
are varied from 0.9909 to 1. The results indicated that equilibrium capacity of both ZVI
experienced an increase with increasing initial concentration, although the high initial
concentration reduced the Cr(VI) removal. Moreover, the equilibrium capacity of SG-

ZV1 was considerably higher than that of NG-ZVI at any initial concentration.
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Table 1. The fitted values of pseudo-second-order model.

Cr(VD) NG-ZVI SG-ZVI
initial > >
conc.(mM) R qe(mmol/g) k(g/(mmol-h)) R qe(mmol/g) k(g/(mmol-h))

0.18 0.9949 0.08 19.31 1 0.18 296.62
0.36 0.9969 0.10 17.98 0.9999 0.35 17.47
0.82 0.9973 0.14 15.01 0.9909 0.62 1.39
1.19 0.9985 0.18 12.76 0.9967 0.56 1.85
1.61 0.9999 0.17 54.30 0.9914 0.71 0.99

15



3.2.3 Adsorption isotherms

Langmuir and Freundlich models were applied to characterize the adsorption

isotherms of Cr(VI) by NG-ZVI and SG-ZVI. The equation of the Langmuir isotherms

is followed, G = ! + C. , where ¢, (mg/g) and C, (mg/L) are the amount of C(VI)

qe QeKL Qe

adsorbed on adsorbents and Cr(VI) concentration in the solution after equilibrium,
respectively. Q. (mg/g) and K; denotes the maximum adsorption capacity and the

Langmuir constant, respectively. The equation of the Freundlich isotherm is followed,
1 : :

Ing,=InK, +—InC, , where Kr represents the Freundlich constant and 1/n is a
n

parameter related to the intensity of adsorption, which varies with the heterogeneity of
the material.

Relative parameters of the two kinds of models were calculated from the slope and
intercept of linear equations plotted according the experimental data in Fig. 6. As
displayed in Table 2, the results indicated that the Freundlich model gave rise to a much
better correlation coefficient than that of Langmuir model at any reaction time besides
24h for NG-ZVI removal of Cr(VI). On the contrary, the Langmuir model was well
described for SG-ZVI. The results showed that the process of removal of Cr(VI) by SG-
ZVI partly contributed to chemical adsorption, namely redox reaction first and then
precipitation in the present work. However, the physical adsorption should be the main
mechanism for removal of Cr(VI) by NG-ZVI and not sure whether the redox reaction
took part in the removal process. Anyway, the values of 1/n were lower than 1 which

suggested that removal of Cr(VI) by NG-ZVI and SG-ZVI was substantially favorable.
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Table 2. The fitted values of Langmuir and Freundlich model

2V Cpntact Langmuir Freundlich
time/h O./mmol/g K R Kr 1/n R’
1/6 0.176 2.08 0.9523 0.113 0.437  0.9855
1/3 0.175 2.44 0.9586 0.119 0.405  0.9861
2/3 0.197 2.13 0.9279 0.127 0.414 0.965
1 0.188 241 0.9296 0.126 0.390  0.9701
NG-ZVI
1.5 0.174 2.92 0.9651 0.124 0.361  0.9821
3 0.187 2.77 0.9582 0.131 0.369  0.9775
8 0.202 3.32 0.9728 0.149 0.355  0.9807
24 0.193 5.73 0.9871 0.161 0.278  0.9667
1/6 0.519 47.95 0.9968 0.179 0.104  0.9089
173 0.223 206.66 1 0.227 0.069  0.7778
2/3 0.256 -83.60 0.9989 0.271 0.047  0.8249
SG.ZVI 1 0.287 -177.95 0.9989 0.302 0.054  0.8651
1.5 0.332 558.33 0.9984 0.346 0.070  0.9021
3 0.396 165.14 0.9984 0.411 0.074  0.8871
8 0.519 47.95 0.9984 0.519 0.111  0.9738
24 0.647 56.78 0.9792 0.658 0.125  0.9667

3.2.4 Effect of reaction temperature

As described above, the SG-ZVI had a better efficiency for removal of Cr(VI) than
that of NG-ZVI at any initial concentration. Thereby, the effect of reaction temperature
on Cr(VI) removal was investigated in this section. As shown in Table 2, the Cr(VI)
removal had an obvious rise as the temperature was over 50 °C, and increased to
79.18% as the temperature reached 70 °C, indicating the high temperature favored the
Cr(VI) removal. According to the reported previously [64-66], the enthalpy change
(4H°, kJ/mol), the entropy change (4S5°, kJ/molK), and Gibbs free energy change (41G°,

kJ/mol) were calculated by the following equations based on experimental data.

9e
Kd:C

($

AG" =—-RTInK,

17



nk, =25 _AH
R RT
where K,; (mL/g) represents the distribution coefficient; ¢, (mg/g) and C, (mg/L) are the

amount of Cr(VI) adsorbed on adsorbents and Cr(VI) concentration in the solution after

equilibrium, respectively; 7 (K) is the reaction temperature; R (8.314 J/(mol-K)) is the

ideal gas constant. A negative value for 4G° denotes spontaneous process, a positive
value for 4S° indicates at some extent structural change between adsorbate and
adsorbent and a positive value for 4H° reflects the endothermic process. In this study,
the negative 4G° obtained for Cr(VI) removal on SG-ZVI confirmed the feasibility and
spontaneous property of the removal process and the increased 4G° value with the
increase of temperature indicated increased feasibility of removal with increasing
temperature. The positive 45° confirmed the chemical change occurred between Cr(VI)
and SG-ZVI. Eventually, the positive 4H° implied the process of removal of Cr(VI) by
SG-ZVI was endothermic, which explained the rise of Cr(VI) removal with the

increasing temperature.

Table 3. Thermodynamic parameters for Cr(VI) removal by SG-ZVI

TK 30 40 50 60 70
Cr(VI) removal 49.64 50.51 49.53 66.89 79.18
ge /mg/g 6.90 6.97 6.89 8.38 9.43
C, mg/L 21.58 21.20 21.62 14.19 8.92
K, /mL/g 31972 328.88  318.65  590.49  1056.93
AG° /kJ/mol 1454 21509  -1549  -17.67 -19.87
AH® /kJ/mol 25.26
48° /kJ/(molK) 0.13

3.2.5 Uptake mechanism

Many literatures proposed that the main uptake mechanism of Cr(VI) by ZVI
involved redox reaction followed by precipitation and adsorption [59, 63]. Pratt et al.

investigated the fate of Cr(VI) in the presence of iron filings and quartz grains [67]. The

results showed complete reduction of Cr(VI) to CrCr(IIl) happened and the CrCr(I)

was incorporated into sparingly soluble solid species. Astrup et al. studied the fate of
18



Cr(VI) after experiencing an attenuating barrier containing ZVI, in which CrCr(IIl) was

found associated with Fe’"-oxides, as separate Cr oxides and as a Ca, Cr phase [68]. To
investigate whether the reductive decomposition occurred during the removal process of
Cr(VI) by SG-ZVI and NG-ZVI, XPS was applied to measure the surface composition
and chemical state of reacted ZVI. As displayed in the Fig. 8, a new peak at binding
energy of 573.8 eV can be observed in the curve of Cr(VI)-reacted SG-ZVI, however,
no obvious change was found in that of Cr(VI)-reacted NG-ZVI. Actually, the binding
energy of 573.8 eV was corrected into 577.2 eV after calibration by C 1s. Biesinger et al.
reported that the binding energy of 575.9, 577 and 577.9 eV was assigned to FeCr,O4
peaks [69]. Chowdhury et al. [70] assigned the binding energy between 576.11 and 579.

72 eV to CCr(IIl) species, in which the binding energy of 577.2 and 577.1 eV was

assigned to Cr(OH); and Cr,0s, respectively. Therefore, the binding energy of 577.2 eV
in the this work can be assigned to Cr(OH); or/and Cr,0s, indicating the Cr(VI) was

reduced to CrCr(IIl) after the introduction of SG-ZVI. Besides, the curves of NG-ZVI

before and after reaction are identical, indicating there is no evidence for the presence of

Cr(VI) on the surface of reacted solid. The weak peak for CrCr(Ill) and the absence of

Cr(VI) probably attributed to the magnetic material. The magnetic materials were
upright as they were put into the sample chamber, which resulted in much weaker signal
than that of non-magnetic material. Combining with rapid decrease of Cr(VI)

concentration in the aqueous solution and the relatively large Langmuir constant, it can

be concluded that the Cr(VI) was reduced to CrCr(Il) by SG-ZVI followed by

precipitation or/and adsorption by the corrosion products of Fe’. However, NG-ZVI
removed Cr(VI) from aqueous solution mainly by adsorption by the corrosion products
of Fe’ because the petaloid substance can be observed in the SEM image of the
corrosion products of NG-ZVI (not shown here). In a word, SG-ZVI prepared by
reduction of synthetic goethite has a excellent reductive activity to Cr(VI), decreasing

the Cr(VI) concentration in a short time and reducing its toxicity.
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Fig. 8. XPS of NG-ZVI and SG-ZVI before and after removal of Cr(VI) (In this work,
the binding energy of 573.8 eV was corrected into 577.2 eV after calibration by C 1s).

4. Conclusions

NG-ZVI, possessing different size from nanosacle to several hundreds of
nanometer and a specific surface area of 25.17 m*/g, was obtained by reduction of
natural goethite, while SG-ZVI, having different size from nanoscale to several
hundreds of nanometer and a SSA of 9.5 m?/g, was prepared by reduction of synthetic
goethite. The both ZVI as well as commercial iron powder were used to remove Cr(VI)
from aqueous solutions. The results showed the removal efficiency of three kinds of
ZVl is in the order of SG-ZVI>NG-ZVI>CIP. It is speculated that the excessively low
SSA resulted in the poor removal efficiency of CIP to Cr(VI) and at the same time, the
existence of impurity and the incomplete reduction of natural goethite decreased the
reductive activity of CIP. The Cr(VI) removal was significantly dependent on the
contact time, initial concentration of Cr(VI) and reaction temperature. The prolonged
time as well as the increased temperature promoted the Cr(VI) removal. The increased
initial concentration decreased the Cr(VI) removal but increased the adsorption capacity.
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The thermodynamic results revealed that the removal of by SG-ZVI was spontaneous
and endothermic. The removal of Cr(VI) by SG-ZVI was well described by pesudo-
second-order kinetic model. The results of XPS showed that the Cr(VI) was reduced to

CrCr(IIl) by SG-ZVI. Therefore, this work provided an approach to prepare ZVI by
reducing goethite due to the strong reductive activity at least to Cr(VI). The study on
how to improve the dispersity and reductive activity of NG-ZVI and how about

decomposition of organic matter and removal of other heavy metals using SG-ZVI will

be carried out in the future.
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