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Abstract

Six soil amendments including municipal solid waste compost (MSWC), coal fly ash (CFA), rice husk biochar
prepared at 300°C (B300) and 600°C (B600), zerovalent iron (Fe®), and zerovalent manganese (Mn°) were
evaluated to determine their ability to reduce mobility of chromium (Cr) in a Cr-spiked soil. The Cr-spiked soil
samples were separately incubated with selected amendments at 2 and 5% [weight by weight (W/W)] for 90 days
at 25°C. The efficacy of amendment treatments was evaluated using desorption kinetic experiment and sequential
extraction producer. Results showed that applications of various amendments had significant effects on
desorption and chemical forms of Cr. Addition of amendments considerably decreased mobility factor (except for
CFAs%) of Cr compared to the control treatment. The addition of Fe®, MSWC, and B300 to soil significantly
decreased Cr release, compared to other amendments. The lowest Cr desorption was achieved by Fe® at 5%.
Application of B600 and CFA increased soil pH and caused the oxidation of Cr(lll) to Cr(VI). Based on the obtained
highest values of coefficient of determination (R2) and lowest values of standard error (SE) of the estimate, the two
first-order reaction model could be best fitted for describing Cr release in soil samples. In general, from the
practical view, Fe?, MSWC, and B300 treatments are effective in Cr immobilization, while application of Fe? at 5%
was the best treatment for stabilization of Cr. Therefore, these treatments can be recommended for the
immobilization of Cr from polluted soil.
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of Cr in soil depends on its oxidation state.! The
toxicity and mobility of Cr(VI) is higher than
Cr(Ill) in soil.! Hence, the stabilization of Cr
principally deals with the reduction of Cr(VI) to
Cr(I1D).

Introduction
Soil pollution by heavy metals is a major
problem in many countries. Chromium is a
heavy metal, the concentration of which
considerably increases in the environment due to

industrial activities. Chromium exists in multiple
valence states in the environment, but the most
common forms are trivalent chromium [Cr(III)]
and hexavalent chromium [Cr(VI)]. The mobility
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Chemical stabilization techniques are used to
reduce heavy metals mobility in the soil using
contaminant-immobilizing amendments. The
use of immobilizing amendments in polluted
soils as a remediation procedure can reduce
mobility and bioavailability of heavy metals by
adsorption, complex formation, or

(co)precipitation process. Previous researches
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have reported that Cr(VI) is reduced to Cr(Ill) by
soil organic matter and Fe2*.! On the other hand,
Cr(III) can be oxidized to Cr(VI) by manganese
oxides?? and alkaline resources (such as coal fly
ash) that increase soil pH above neutral.45

Currently, there are no common
methodologies to assess chemical stabilization
efficiency. Nevertheless, several methods were
used to estimate the soil stabilization efficiency of
various amendments in heavy metals stabilization
in soils, such as sequential extraction method,
leaching test, and  adsorption-desorption
experiments. The mobility of heavy metals is
controlled by the sorption and desorption
characteristics of soil.6 The desorption technique
of heavy metals in soil can be related to their
mobility and toxicity.” In addition, sequential
extraction procedures can be useful in monitoring
the stabilization process of heavy metals in soil. A
typical sequential procedure starts with a weak
solvent, followed by a stronger solvent in order to
sequentially solubilize various operationally
defined metal fractions; exchangeable (EX),
carbonate-bound (Car), reducible [Mn-oxide-
bound (Mn-OX)], oxidisable [amorphous and
crystalline Fe-oxide-bound (FeA-Ox and FeC-
Ox)], and residual metal fractions.® The Ex and
Car fractions are considerably mobile, while other
fractions are less mobile in soil. Several
extractants were used for the evaluation of heavy
metal mobility in soils and sediments using batch
methods.%10 Acidic solutions, dilute salt solutions,
and complexing agents are usually used as
extractants.%11

Application of inappropriate amendments
may increase the mobility of heavy metals in

Table 1. Selected chemical and physical properties

Property \ Value H
pH 7.8

CCE (%) 395

Sand (%) 27

Clay (%) 35

OM (%) 1.4

CEC (Cmol(+)/kg) 15.8

EC (dS/m) 0.65

soil. In addition, very few researches have been
performed on Cr stabilization due to the low
reactivity of its common species in soil.
Therefore, the present study was conducted to
recognize appropriate amendments for Cr
stabilization by chemical stabilization technique
in soil. The main objectives of this study were to
evaluate the influence of coal fly ash (CFA),
municipal solid waste compost (MSWC), two
types of rice husk biochar (B300 and B600),
zerovalent iron (Fe?), and zerovalent manganese
(Mn% on release and chemical form of Cr in
contaminated calcareous soil in order to reduce
the risk of increasing of Cr in the environment.

Materials and Methods

Surface (0-30 cm) soil samples were collected
(fine, mixed, mesic, Fluventic Calcixerepts) from
Shiraz, Fars Province, Iran. Selected chemical
and physical properties were determined using
standard methods.’2 Plant available form of
heavy metals was extracted using diethylene
triamine pentaacetic acid (DTPA). Total content
of heavy metals were determined using 4M
HNos and measured using an atomic absorption
spectrometer (Shimadzu AA-670, Shimadzu
Corp., Kyoto, KYT, Japan).® In order to
determine the concentration of Cr(VI), alkaline
digestion was applied (0.5 mol/1 NaOH + 0.28
mol/l Na,COs) and the amount of Cr(VI) was
measured using the colorimetric method with
1,5-diphenylcarbazide (DPC) at a wavelength of
540 Nm.* Cr(Ill) amount was calculated by
subtracting Cr(VI) from total Cr. The selected
properties of soil are presented in table 1.

of studied soil

Property (mg/kg) Value
Soluble Fe in DTPA 4.1
Soluble Cu in DTPA 0.9
Soluble Mn in DTPA 5.6
Soluble Cr in DTPA 1.6
Soluble Cr in NaN@ 2.8

Total Cr 109.0
Cr(VI) 8.5

CCE: calcium carbonate equivalent; OM: organic ma@&C: cation-exchange capacity; EC: electrical cotidityg DTPA: diethylene

triamine pentaacetic acid
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Various amendments were used for their
abilities to decrease Cr mobility in Cr-spiked Soil;
CFA, MSWC, rice husk biochar prepared at 300°C
(B300) and 600 °C (B600), zerovalent iron (Fe0),
and zerovalent manganese (Mn°. CFA and
MSWC were collected from Zarand Coal
Washing Factory and the Recycling and
Municipal Solid Waste Compost Factory of
Kerman, Iran, respectively. Biochar was prepared
at 300 °C and 600 °C from rice husk. Husk
samples (covered with aluminum foil) were

Table 2. Selected chemical composition of amendment
Amendments

SIC; (%) Al203 (%)
46.47 27.3:
BaO (%~ Sro (%~
0.1f 0.14
CFA SCs (%)’ P05 (%)
4.€0 4.€0
H (%)~ n (%)
3.€0 3.9z
pH EC (dS/m
7.40 19.3¢
IS Fe (mg/kg Mn (mg/kg.
25.0C 11.0C
pH EC (dS/m
B30C 6.20 13.10
B60C 8.70 21.20

placed in a furnace for 4 hours to produce
biochar. Zerovalent iron (Fe?, 99.5%, in the form
of iron grit) and zerovalent manganese (Mno?,
99.5%, in the form of manganese grit) were used
in the present study. The selected properties of
the used amendments are presented in table 2. In
addition, fourier transform infrared spectroscopy
(FT-IR) (Spectrum RXI, PerkinElmer Inc.,
Waltham, MA, USA) was used for the recognition
of the morphology and structure of the produced
biochar (Figure 1).

s
Chemical properties
TiO2 (%, Fe203 (% CaO (%
0.€0 6.7% 4.5¢€
MgO (%) K,0 (%) N&,0 (%)
2.32 3.4:2 0.82
Mn30, (%) pH C %)
0.82 9.1 67
O (%~ - -
0.9¢ - -
OM (%) Cu (mg/kg Zn (mg/kg
38.0C 19 28
Pb (mg/kg Cd (mg/kg Ni (mg/kg)
13.50 0.2¢ 1.2
C (%) H (%) n (%)
41.5]7 2.11 1.52
48.9¢ 1.5¢ Trace

"Determined by X-ray fluorescence (XRF) analyzeBetermined by CHN analyzer; CFACoal fly ash; MSWC: Municipal solid waste

compost

2365

e 1725

2253.98

3763 1591
3887 2886 1097.79

B600

az7a.21

1093.44

4000 3600 3200 2800 2400 2000 1800
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cm™

Figure 1. FTIR spectra of rice husk before (B0) and

after pyrolysis (B300 and

B600) [X-axis and Y-axis are wavenumber (cm 'l) and transmittance (%),

respectively]
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Table 3. Experimental design for incubation experim

ent

Treatment Amendment (applied rate) (%) \
S1 MSWC (2)

S2 MSWC (5)

S3 CFA (2)

S4 CFA (5)

S5 B300 (2)

S6 B300 (5)

Treatment Amendment (applied rate) (%)
S7 B600 (2)
S8 B600 (5)
S9 Fe (2)
S10 F (5)
S11 Mn° (2)
S12 Mn° (5)

CFA: Coal fly ash; MSWC: Municipal solid waste camsp

Table 4. Summary of the sequential extraction proce

g soil: ml solution

Extracting solution

10:4¢ 1 m Mg(NGy),

10:4(C 1 m NaOAc (pH =5 C;COOH;
10:2C 0.7 m NaOCI (pH = 8.!

5:5C 0.1 m NF,OH.HCI (pH = 2 HNG)
5:50 0.25 m NHOH.HCI + 0.25 m HCI
5:50 0.2m (NH42C204+ 0.2 m FC0,

+ 0.1 MCgHgOg

dure used in this study

Shaking time (h) Chemical form of Cr Symbol
2 Exchangeab
5 Carbonat-bounc Cal
0.5 in boiling wate Organicall-bound’ Om
0.5 in boiling wate Mn-oxide-bounc Mn-OX
o Amorphou:
0.5 at 50°C in water Fe-oxide-bounc FeA-Ox
0.5 in boiling water gl FeC-Ox

Fe-oxide-bounc

* Two times extraction

For the incubation experiment, soil samples
were placed in plastic and Cr(VI) was added at
the rate of 500 pg/g as KaCrO7 Selected
amendments were added to each soil sample
separately, at two levels [2 and 5% weight by
weight (W/W)] (Table 3), and each soil sample
was mixed thoroughly. The soil samples were
incubated for 90 days at 25 °C. Moisture was
preserved at field capacity (FC). After
incubation, samples were air-dried and used for
Cr desorption and fractionation study.

Soil Cr was fractionated to 7 fractions using
the Singh et al.’> method. Table 4 provides an
outline of the Singh et al.’> procedure. Residual
forms (Res) were calculated by subtracting the
sum of 6 fractions from total Cr. Cr mobility was
evaluated wusing a mobility factor'¢, and
calculated according to the following equation:

(Ex + Car/sum of fractions) x 100
Desorption kinetics of Cr(VI) was studied by
means of batch-type experiments; 5 g of each soil
sample, in triplicate, was placed in polyethylene
tubes and extracted separately with 25 ml of two
extractants: 0.01 m Ethylenediaminetetraacetic
acid (EDTA) at pH 7.0 and 25 ml of 0.01 m
NaNO:s. Samples were shaken for periods of 0.08
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to 102.25 hours (0.08, 0.25, 0.58, 1.25, 2.25, 4.25,
8.25, 16.25, 30.25, 54.25, and 102.25 hour) at
25 £ 2°C, and then, centrifuged immediately at
2500 rpm. The supernatants were filtered through
filter paper and Cr concentration was determined
using an atomic absorption spectrometer.

A two first-order kinetic model was used as
an approximate method for describing Cr
desorption. A two first-order reaction model can
divide Cr into 3 fractions?19, Q;, Q,, and Qs as
follows:

q= Ql(l _ e—klt) + Qz(l _ e—k2t)
Q3 = Qtota1 - Q2 - Q1

where q represents amount of Cr released at
time t, Q1 (mg/kg) is labile fraction, readily
extractable, associated to the rate constant ki,
and Q. (mg/kg) is moderately labile fraction,
less extractable, associated to the rate constant
ko, Qs (mg/kg) is Cr fraction, which is not
extractable, and qotal is the total concentration of
Cr in the soil.

This model was tested by the coefficient of
determination (R?) and standard error (SE)
of estimate.
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The SE was calculated as follows:

2710.5

s = [EEZE)*

where E and E' are the measured and
calculated amounts of Cr release in soil at time t,
respectively, and n is the number of
measurements. The regression of nonlinear
procedure and other statistical analyses were
calculated by Microsoft Excel 2007 (Microsoft
Corp., Redmond, WA, USA).

Results and Discussion

Characterization of biochar amendments

According to the results of biochar analysis,
elimination of unstable compounds at higher
temperatures caused biochar to have higher
percentages of carbon (C) but much lower
hydrogen (H) and nitrogen (N) contents (Table
2). Increased pyrolysis temperature led to
increased pH (from 6.2 to 8.7) and EC (from 13.1
to 21.2 dS/m). Figure 1 shows the FTIR spectra
of rice husk before pyrolysis (B0), B300, and
B600. The sharp peak at 3405 and 3416 cm in BO
and B300, and the weak peaks at around 3585
cm? in B300 and B600 are due to hydroxyl group
(-OH) stretching and functional group of
phenols. The peaks at 2923 and 2936 cm! seen in
B0 and B300 are ascribed to aliphatic C-H
deforming vibration and functional group of
alkanes. These functional groups disappear at
temperatures higher than 600 °C. The weak band
at 1725 cm?® for B0, which disappears at
temperatures higher than B300, is assigned to
C=0 stretching in the carbonyl group and
neutral functional group of aldehydes. The weak
band at around 1640 cm? for B0 is due to the
presence of C=C stretching (functional group of
alkenes). The weak band at 1539 c¢cm? for BO
indicates the presence of N-O asymmetric
stretch (nitro compounds). This band disappears
at temperatures higher than 300°C indicating the
volatilization of nitrogen forms. The band at
around 1600 cm for B300 and B600 indicates the
presence of aromatic C=0 ring stretching (likely
-COOH) or aromatic C=C stretching. This band
is stronger in B600 compared to B300; therefore,

pH was higher in biochar produced in high
temperature than in low temperature. The weak
bands at 1320 and 1376 cm in BO indicate the
presence of the N-O asymmetric stretch (nitro
compounds). This band disappears at
temperatures higher than 300°C indicating the
volatilization of nitrogen forms. The band at
around 1090 cm is due to aliphatic ether, alcohol
C-O, or aromatic stretching in cellulose and
hemicelluloses. In general, the results from FTIR
analysis showed that the functional groups, such
as carboxylic bonds and aromatic C = O ring
stretching (likely ~-COOH), were higher in B600
than B300, which increased its pH.

Chemical fractions of Cr affected by amendments

Application of various amendments had
considerable effects on chemical forms of Cr
(Figure 2). Sequential extraction experiment
showed that Cr was mostly bound to Res in soil
samples. This finding is in agreement with
observations by others.””1® Among the chemical
forms of heavy metals, EX fraction usually
determines the real environmental risk. Hence, the
amount of EX form could be used to assess the
effect of the amendments on Cr immobilization.
According to the results, the chemical form of
EX was significantly decreased when soils were
amended by MSWC, B300, or Fe? at application
rates of 2% and 5%. Organic matter and iron can
convert Cr(VI) to less soluble Cr(Ill) through a
reduction process.! In addition, coprecipitation
with Fe hydrous oxide, which has low mobility
in soil, can decrease EX fraction in treated soil by
Fe0.20 Furthermore, there was no statistically
significant difference between B600 treatment
and control in the EX fraction. On the other
hand, CFA and Mn° treatments significantly
increased Ex fraction of Cr. Kim and Dixon
reported that manganese oxides can increase the
mobility of Cr by oxidizing Cr(IIl) to Cr(VI) in
soil.2! In addition, alkaline materials, like CFA,
which increase soil pH to above neutral, can
oxidize Cr(Ill) to Cr(VI) and increased Cr
mobility.#> In general, the reduction in EX form
of Cr in amended soil followed the sequence of
Fet > MSWC > B300 > B600 > Mn? > CFA. The
addition of amendments also had effects on
other Cr fractions in soil samples.
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Figure 2. Percentages of various fractions of Crin amended soil

Fet, MSWC, and B300 treatments significantly
decreased Car fraction. The Car fraction
characterizes the most mobile and bioavailable
form.22 Hence, the decreasing of Car fraction in
treated soil showed that these amendments are
able to increase Cr stabilization. Pantsar-Kallio
et al. reported that organic materials can reduce
Fe(III) to Fe(II), which in turn, reduces Cr(VI) to
Cr(Ill).*# Other amendments did not have a
significant effect on Car fraction. Mn® treatments
showed the highest percentage of Car form,
especially at high rates (5%). Application of
organic sources (B300, B600, and MSWC)
considerably increased mean of Om fraction
compared to the control soil. The Mn-OX
fraction was less affected by soil amendments,
while the FeC-OX and FeA-OX fractions in
amended soils (especially soils treated by Mn?
and Fe?) increased (except for MSWC treatment
in FeC-OX fraction) compared to the control soil.
The mobility of heavy metals depends on their
chemical fractions. In the control soil, the
mobility factor was 5.24%. The mobility factor in
S1-S12 samples was 3.72, 3.55, 6.50, 7.45, 3.71,
3.25, 494, 494, 263, 214, 587, and 6.61,
respectively. The lowest mobility factor is
associated with application of Fe? especially at a
high rate (5%). These results confirm the
effectiveness of Fe' in stabilizing of Cr in
contaminated soils, as previously reported by
Mench et al.2? and Kumpiene et al.3 In general, Fe®

256 J Adv Environ Health Res, Vol. 2, No. 4, Autumn 2014

treatment was superior to other amendments in
reducing Cr mobility in fractionation experiment.

Desorption kinetic of Cr affected by amendments

Figures 3 and 4 show the trends in cumulative Cr
desorption in soil samples by EDTA and NaNO:;.
The obtained trend from Cr desorption using both
extractants showed that extractions induced a two-
step release process (biphasic pattern); initial quick
release at the beginning (4.25 hours) and followed
by a slow reaction, until the curve appeared flat
and obtained equilibrium (3025 hours).
Kirpichtchikova et al. reported that the short-term
elimination of metals is dominated by the most
labile fractions, while the long-term removal is
determined by the replenishment of the labile pool
from more recalcitrant fractions.?* The biphasic
pattern of the desorption of heavy metals has
also been reported by others.?252¢ The time of
reaching equilibrium was almost similar in
untreated and treated soil samples. On the one
hand, it seems that in the first stage of
desorption (slow release), Cr release is related to
the mobile fractions (EX and Car fractions) with
lower bonding energy.?” On the other hand, the
Cr extracted in the second stage is related to the
less mobile forms.?8 The results showed that the
total amount of Cr released by 0.01 m NaNO;
was higher than that by 0.01 m EDTA. The Cr
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released by 0.01 m NaNOs varied from 3.98 to
39.74 mg/kg and by 0.01 m EDTA it ranged
from 4.593 to 25.29 mg/kg. The highest amount
of desorbed Cr was observed in the control soil
with 39.74 and 25.29 mg/ Cr kg soil using 0.01 m
NaNOs; and 0.01 m EDTA, respectively. The
lowest amount of desorbed Cr was observed in
the Felsy, treatment with 3.98 and 4.59 mg/Cr kg
soil using NaNOs; and EDTA, respectively.
Application of Fe® at the rates of 2 and 5%
considerably decreased Cr release by 89.97% and
79.11%, respectively, compared to the control
soil, in the 0.01 m NaNOs media. Addition of Fe?

also significantly decreased Cr release by 81.84%
and 51.35% at levels of 2 and 5%, respectively, in
the 0.01 m EDTA media. Kumpiene et al. used
zerovalent iron for stabilization of Cr and
showed that the application of Fe? decreased Cr
concentrations in leachates (by 45%), soil pore
water (by 94%), and plant shoots (by 95%).3
Application of Mn? decreased Cr release by 5.2
and 9% at the rates of 2 and 5%, respectively, in
the 0.01 m NaNOs; media. Cr release in Mno-
treated soil samples decreased by 0.45 and 6.1%
at the rates of 2 and 5%, respectively, in the 0.01
m EDTA media.
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Figure 3. Variation of Cr desorption by 0.01 m EDTA  in time in treated soils
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Figure 4. Variation of Cr desorption by 0.01 m NaNO
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The results indicated that Mn® could not
decrease Cr release efficiently, because
manganese oxides can increase mobility of Cr by
transformation of Cr(IIl) to Cr(VI) in so0il.20 The
application of 2 and 5% MSWC led to reduction
of Cr desorption by 58.35 and 70.71% in the 0.01
m NaNO; media, and 51.69 and 65.44% in the
0.01 m EDTA media, respectively. Increasing soil
organic matter increased sorption sites for Cr.
Addition of CFA at the rates of 2 and 5%
decreased Cr release by 7.8 and 1.3% in 0.01 m
NaNOs media, and 7.4 and 13.6% in 0.01 m
EDTA media, respectively. Application of CFA
as an alkaline material could not decrease Cr
release efficiently. Increasing soil pH followed
by application of CFA led to the transformation
of Cr(Ill) to Cr(VI).#> Treatment with B600 at the
rates of 2 and 5% decreased Cr release by 17.5
and 19.1% in 0.01 m NaNO; media and 15.6 and
271% in 0.01 m EDTA media, respectively.
Desorption of Cr significantly decreased when
soil samples were amended using B300 at
application rates of 2 and 5%. The application of
2 and 5% B300 led to reduction of Cr desorption
by 48 and 66.1% in 0.01 m NaNOs; media, and
15.66 and 27.14% in 0.01 m EDTA media,
respectively. The results clearly show that the
application of B600 and CFA increased soil pH,
and thus, increased the oxidation of Cr(IIl) to
Cr(VI) and could not considerably decrease Cr
mobility. The results also illustrated that the
application of amendments at high levels (5%
W/W) could provide a suitable condition for Cr
adsorption. Therefore, the application of
amendments at 5% (W/W) is more effective
than at 2% (W/W) in reduction of Cr
availability. Generally, Fet, MSWC, and B300
treatments were superior to the Mn? CFA, and
B600 in the stabilization of Cr in desorption
experiment. According to the desorption results,
NaNO:s extracted greater amounts of Cr from the
soil samples compared to EDTA. Jalali and
Sajadi Tabar reported that EDTA was not the
best choice for identifying kinetic differences,’
but provides an upper limit of metal mobility

258 J Adv Environ Health Res, Vol. 2, No. 4, Autumn 2014

and can be a valuable parameter in predicting
long-term transfer in soils.?? Hence, using 0.01 m
NaNO; media is preferred to 0.01 m EDTA
media in the investigated operating conditions.
The two first-order reaction model was used for
metal speciation in soil and sediment
samples.?1030 This model exhibited biphasic
reaction; rapid extraction followed by slow
extraction of metal. Hence, it was expected that
this model could be described the Cr desorption.
The parameters of the two first-order reaction
model (Qi, K1, Q;, Ky, R?, SE, and Qi/Q) are
presented in tables 5 and 6. Based on the
obtained highest values of R2 and lowest values
of SE of the estimate, the two first-order reaction
model could be best fitted for describing Cr
release in soil samples. The results show that the
values of Q> (less extractable) in amended soil
samples (except for soil treated with B600 and
Mn? in 0.01 m EDTA, and by CFA in 0.01 m
NaNOs) were lower than Q; (readily extractable
fraction) compared to the control soil. The
higher amount of Q. in some amended soil
samples compared to the control soil confirmed
the positive effect of amendment in Cr
stabilization. The assumption is that the
fractions of Cr determined with the two first-

order reaction model is correlative with
fractionation of Cr derived from the
fractionation method. Hence, the simple

correlation coefficient (r) was estimated for
relationships among parameters of the two first-
order reaction model and chemical forms of Cr
(tables 7 and 8). There was a significant positive
correlation between Q; and Kj, EX, Mn-Ox, and
FeC-Ox, between Q; and Ky, Ex, Car, and K, and
between K, and Car in 0.01 m EDTA media. In
addition, there was a positive significant
relationship between Q: and Q. EX, and Car,
between K; and Car, between Q. and Ex, Car, and
K;, and between K; and FeC-Ox in 0.01 m
NaNQOs;. Jalali and Sajadi Tabar found a
significant correlation between Q. and acid malic
with Om, inorganic precipitates fraction, and Res
fractions of Nickel.? Brunori et al. noticed that Q;
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could be related to Ex fraction and part of Om  chemical forms of Cr and parameters of the two

fraction, Q> could be related to the Om residual first-order reaction model confirmed the

and inorganic precipitates fraction, and Qs could  hypothesis of Brunori et al.3! based on positive

be related to residual fraction.3 correlation between Q: and mobile fractions (EX
The results of correlation coefficients between  and Car) especially in 0.01 m NaNOs media.

Table 5. Estimated parameters of the two first-order reaction model used to describe release kineticso  f
Cr with 0.01 m EDTA

6 | S7 8 9 | SI0 Sl1 | SI2 Control |
Q 2.808 1.891 9.318 5863 3.837 2409 13.635 13.290 7.650 2.199 12.489 16.195 13.544
Ky 0.189 0.106 0.919 0.523 0.257 0.179 5500 3.631 1896 7.108 14.573 5.189 7.661
Q; 9.140 6.647 13.630 15.581 11.513 7.873 7.307 4.763 4.298 2.224 12.153 7.114 11.266
Kz 2415 1942 8739 5915 2533 2261 0.712 0.442 0.064 0.084 1416 0.704 0.901
R? 0.996 0.994 0995 0.994 0.996 0.992 0996 0.997 0.994 0.992 0.988 0.995 0.991
SE 3429 2539 4835 4.682 4412 3.027 4930 4.660 3516 1.101 4.715 5432 5.660
Q/Q. 0.307 0.284 0.684 0.376 0.333 0.306 1.866 2.790 1.780 0.989 1.028 2.276 1.202
Q1 Readily extractable (mg/Kg); KConstant rate related to, QL/min); Q: less extractable (mg/Kg);.KConstant rate related to, Q
(1/min); R coefficient of determination; SE: standard error

Table 6. Estimated parameters of the two first-order reaction model used to describe release kinetics o f
Cr with 0.01 m NaNO3

S1 S S10 S11 S12  Control

Q: 6.969 5.391 16.667 19.431 8927 5.549 15314 13.888 5.289 3.555 15.365 16.593 17.920
Kj 1.200 0.543 8.697 9.655 1.217 0.649 4982 4264 0.736 1421 0.170 0.123 0.128

Q 9.205 6.331 17.879 17.751 11.333 7.974 15806 16.592 2.869 3.518 20.494 17.982 19.916
K, 0.050 0.033 0.192 0.143 0.049 0.035 0.101 0.116 0.069 0.002 9.741 5470 7.113

R? 0.993 0.997 0.940 0.978 0.994 0.997 0983 0.988 0.998 0.989 0.997 0.981 0.983

SE 5.198 3.876 8710 8713 6.446 4.414 8374 8740 2848 1179 7.893 8.898 9.321

Q/Q, 0.757 0.852 0932 1095 0.788 0.696 0.969 0.837 1.843 1.010 0.750 0.923 0.900

Qu: Readily extractable (mg/Kg); K Constant rate related to, QL/min); & less extractable (mg/Kg); K2: Constant rate relateQ?2
(1/min); R coefficient of determination; SE: standard error

Table 7. Simple correlation coefficients (r) between parameters of the two first-order reaction model of
Cr desorption, extracted by EDTA, with Cr fractions

| Q1 | K4 | Q> | K
K, 0.558 - - -
Q. 0.089 -0.037 5 5
K, -0.178 -0.409 0.743 -
EX 0.657 0.298 0.632 0.465
Car 0.518 0.037 0.768 0.578
Oom -0.203 -0.383 0.108 0.067
Mn-Ox 0.626 0.349 0.056 -0.312
FeA-Ox 0.032 0.474 -0.419 -0.239
FeC-Ox 0.576 0.427 -0.045 -0.278
Res -0.167 0.013 -0.277 -0.233

*Correlation is significant at the 0.05 level;*Colaéon is significant at the 0.01 level;;(Readily extractable (mg/Kg); K Constant
rate related to Q(1/min); Q: less extractable (mg/Kg);.KConstant rate related to, @/min); R coefficient of determination; EX:
Exchangeable; Car: Carbonate-bound; Om: Organicalyd Mn-OX: Mn-oxide-bound; FeA-Ox: Amorphous Fdem<bound; FeC-
Ox: Crystalline Fe-oxide-bound; Res: Residual forms
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Table 8. Simple correlation coefficients (r) between
Cr desorption, extracted by NaNO3, with Cr fraction s

parameters of the two first-order reaction model of

o | K, Q. K2
K, 0.520 - - -
Q. 0.952" 0.360 - -
K, 0.480 -0.397 0.604 -
EX 0.921" 0.509 0.878" 0.494
Car 0.914" 0.617 0.866 0.292
Oom -0.020 0.172 0.060 -0.381
Mn-Ox 0.457 -0.158 0.519 0.433
FeA-Ox -0.277 -0.211 -0.298 0.207
FeC-Ox 0.334 -0.311 0.407 0.576
Res -0.383 -0.444 -0.453 0.084

" Correlation is significant at the 0.05 levélCorrelation is significant at the 0.01 level;: @eadily extractable (mg/Kg); K Constant
rate related to Q(1/min); Q: less extractable (mg/Kg); K Constant rate related to, @l/min); R coefficient of determination; EX:
Exchangeable; Car: Carbonate-bound; Om: Organicaliyrd Mn-OX: Mn-oxide-bound; FeA-Ox: Amorphous Fddexbound; FeC-

Ox: Crystalline Fe-oxide-bound; Res: Residual forms

Conclusion

Stabilization of heavy metals is a cost effective
soil remediation method, which is used to
reduce the mobile contaminant fraction in soil
by low-cost and widely available amendments.
In the present study, 6 types of soil amendments
were investigated for their abilities to reduce Cr
mobility in soil; CFA, MSWC, rice husk biochar
prepared at 300°C (B300) and 600°C (B600),
zerovalent iron (Fe) and zerovalent manganese
(Mn?). The stabilization of Cr in Cr-spiked soil is
assessed by sequential extraction and desorption
kinetic methods. According to the results,
addition of amendments in soil samples
considerably decreased mobility factor (except
for CFAsy) of Cr compared to the control
samples. Addition of Fe?, MSWC, and B300 in
soil samples decreased Cr release considerably
more than other amendments, compared to
control treatment. The lowest Cr desorption was
achieved by Fe? at the rate of 5%. According to
the desorption results, NaNO; extracted greater
amounts of Cr from the soil samples compared
to EDTA. Hence, the use of 0.01 m NaNO;
media is preferred to 0.01 m EDTA media in the
investigated operating conditions. The results
clearly illustrate that the application of B600 and
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CFA increased soil pH, and thus, increased the
oxidation of Cr(Ill) to Cr(VI). Based on the
obtained highest values of R? and lowest values
of SE of the estimate, the two first-order reaction
model could be best fitted for describing Cr
release in soil samples. In general, from the
practical view, Fe?, MSWC, and B300 treatments
are effective in Cr immobilization, while
application of Fe? at the rate of 5% (W/W) was
the best treatment for stabilization of Cr in
polluted soil. Further research is required in
order to evaluate the synergetic effects of
selected amendments on Cr stabilization.

Conflict of Interests

Authors have no conflict of interests.

Acknowledgements

The authors would like to thank Shiraz
University for providing research facilities and
the two anonymous reviewers for their valuable
suggestions.

References
1. Kumpiene J, Lagerkvist A, Maurice C. Stabilizatioh

As, Cr, Cu, Pb and Zn in soil using amendmentsé A

review. Waste Management 2008; 28(1): 215-25.

http://jaehr.muk.ac.ir



Sabilization of Chromiumin a Cr-spiked soil

2. Banks MK, Schwab AP, Henderson C. Leaching and15.Singh JP, Karwasra SP, Singh M. Distribution and

reduction of chromium in soil as affected by soil forms of copper, iron, manganese, and zinc in
organic content and plants. Chemosphere 2006; 62(2) calcareous soils of India. Soil Sci 1989; 146: 889-
255-64. 16.Salbu B, Krekling T. Characterisation of radioaetiv

3. Kumpiene J, Ore S, Renella G, Mench M, Lagerkvist particles in the environment. Analyst 1998; 123(5):
A, Maurice C. Assessment of zerovalent iron for  843-50.
stabilization of chromium, copper, and arsenicadil.s 17.Kalembkiewicz J, Soeo E. Investigations of Chemical
Environmental Pollution 2006; 144(1): 62-9. Fraction of Cr in Soil. Polish J of Environ Stud0&)

4. Pantsar-Kallio M, Reinikainen SP, Oksanen M. 14(5): 593-8.

Interactions of soil components and their effects o 18.Pakula K, Kalembasa D. Fractions of chromium and
speciation of chromium in soils. Analytica Chimica lead in forest Luvisols of South Podlasie Lowland.
Acta 2001; 439(1): 9-17. Environ Prot Eng 2009; 35(1): 57-64.

5. Seaman JC, Arey JS, Bertsch PM. Immobilization of19.Pouran HM, Fotovat A, Haghnia G, Halajnia A,
nickel and other metals in contaminated sedimegpts b  Chamsaz M. A Case Study: Chromium Concentration
hydroxyapatite addition. J Environ Qual 2001; 30(2) and its Species in a Calcareous Soil Affected by
460-9. Leather Industries Effluents. World Applied Sciesice

6. Krishnamurti GS, Huang PM, Kozak LM. Sorption and  Journal 2008; 5(4): 484-9.

Desorption Kinetics of Cadmium from Soils: Influenc 20.Fendorf SE. Surface reactions of chromium in smild

of Phosphate. Soil Science 1999; 164(12): 888-98. waters. Geoderma 1995; 67: 55-71.
7. Violante A, Krishnamurti GS. Factors Affecting the 21.Kim JG, Dixon JB. Oxidation and fate of chromium in
Sorption-Desorption of Trace Elements in Sall soils. Soil Science and Plant Nutrition 2002; 48(4)

Environments. In: Violante A, Huang PM, Gadd GM, 483-90.
editors. Biophysico-Chemical Processes of Heavy22.Yasrebi J, Karimian N, Maftoun M, Abtahi A, Sameni
Metals and Metalloids in Soil Environments.New AM. Distribution of zinc forms in highly calcareous
Jersey, NJ: John Wiley & Sons; 2007. p. 169-213. soils as influenced by soil physical and chemical
8. Saffari M, Yasrebi J, Karimian N, Shan XQ. Effedt o properties and application of zinc sulfate.
Calcium Carbonate Removal on the Chemical Forms of Communications in Soil Science and Plant Analysis
Zinc in Calcareous Soils by Three Sequential 1994;25(11-12): 2133-45.
Extraction Methods. Research Journal of Biological23.Mench M, Bussiere S, Boisson J, Castaing E,
Sciences 2009; 4(7): 858-65. Vangronsveld J, Ruttens A, et al. Progress in
9. Jalali M, Sajadi Tabar S. Kinetic Extractions otckl remediation and revegetation of the barren Jaldd go
and Lead from Some Contaminated Calcareous Soils. mine spoil after in situ treatments. Plant and 3603;
Soil and Sediment Contamination: An International  249(1): 187-202.

Journal 2013; 22(1): 56-71. 24 Kirpichtchikova TA, Manceau A, Spadini L, Frédéric,
10.Santos S, Costa CA, Duarte AC, Scherer HW, Marcus MA, Jacquet T. Speciation and solubility of
Schneider RJ, Esteves VI, et al. Influence of défife heavy metals in contaminated soil using X-ray

organic amendments on the potential availability of  microfluorescence, EXAFS spectroscopy, chemical
metals from soil: a study on metal fractionatiord an extraction, and thermodynamic modeling. Geochimica
extraction kinetics by EDTA. Chemosphere 2010; et Cosmochimica Acta 2006; 70(9): 2163-90.

78(4): 389-96. 25.Di PL, Mecozzi R. Heavy metals mobilization from
11.Sahuquillo A, Rigol A, Rauret G. Overview of theeus harbour sediments using EDTA and citric acid as

of leaching/extraction tests for risk assessmeritaufe chelating agents. J Hazard Mater 2007; 147(3): 7%&8-

metals in contaminated soils and sediments. TrAC26.Sadegh L, Fekri M, Gorgin N. Effects of poultry

Trends in Analytical Chemistry 2003; 22(3): 152-9. manure and pistachio compost on the kinetics opeop
12.Sparks DL. Methods of Soil Analysis: Part 3, Cheahic desorption from two calcareous soils. Arabian Jalrn

methods, Part 3. Madison, WI: Soil Science Socidty of Geosciences 2012; 5(4): 571-8.

America; 1996. 27.Jones B, Turki A. Distribution and speciation ofg

13.Sposito G, Lund LJ, Chang AC. Trace Metal Chemistry  metals in surficial sediments from the Tees Estuary
in Arid-zone Field Soils Amended with Sewage north-east England. Marine Pollution Bulletin 1997;

Sludge: I. Fractionation of Ni, Cu, Zn, Cd, and iRb 34(10): 768-79.

Solid Phases1. Soil Sci Am J 1982; 46(2): 260-4. 28.Polettini A, Pomi R, Rolle E. The effect of openafi
14.Bartlett R, James B. Behavior of chromium in sdils: variables on chelant-assisted remediation of

Oxidation. J Environ Qual 1979; 8(1): 31-5. contaminated dredged sediment. Chemosphere 2007;

66(5): 866-77.

J Adv Environ Health Res, Val. 2, No. 4, Autumn 2014 261

http://jaehr.muk.ac.ir



Sabilization of Chromiumin a Cr-spiked soil

29.Labanowski J, Monna F, Bermond A, Cambier P, and models to achieve maximum information. Talanta
Fernandez C, Lamy I, et al. Kinetic extractions to  2005; 66(4): 844-57.
assess mobilization of Zn, Pb, Cu, and Cd in a Imeta 31.Brunori C, Cremisini C, D'Annibale L, Massanisso P,
contaminated soil: EDTA vs. citrate. Environmental Pinto V. A kinetic study of trace element leachipil
Pollution 2008; 152(3): 693-701. from abandoned-mine-polluted soil treated with SS-

30.Fangueiro D, Bermond A, Santos E, Carapua H, Duarte MSW compost and red mud. Comparison with results
A. Kinetic approach to heavy metal mobilization from sequential extraction. Anal Bioanal Chem 2005;
assessment in sediments: choose of kinetic eq@ation 381(7): 1347-54.

262 J Adv Environ Health Res, Vol. 2, No. 4, Autumn 2014

http://jaehr.muk.ac.ir




