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In this study the removal of hexavalent chromium (Cr6+) by serpentine sediments was investigated in order to
delineate Cr6+ sorption behavior in aquifers with ultramafic geologic background. Batch experiments were con-
ducted in order to determine the influence of several parameters on Cr6+ removal, including the pH of the sed-
iment solution, mineralogy, sediment's particle size and Cr6+ initial concentration. The results showed that Cr6+

removal was due to both adsorption and reduction phenomena. Reduction was attributed to the presence of a
magnetic fraction in the sediment,mostly related tomagnetite,which contributed almost 50% of the total remov-
al in the pH range 3–7. Adsorption behavior was dominated by the finer sediment fraction (d b 0.075 mm). The
amount of Cr6+ adsorbed was constant in the pH range 3–7, while it decreased sharply in the range 7–8.5. Cr6+

adsorption was found to increase and decrease proportionally with increasing initial Cr6+ concentration of and
particle size, respectively. The linear Langmuir and Freundlich adsorption isotherms were used to describe the
experimental data, with Freundlich providing a better fit to determine distribution factors for transport
modeling.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Groundwater contamination by heavy metals is one of the most im-
portant environmental problems. Chromium (Cr) is a heavy metal that
occurs in several oxidation states, but only two prevail in the
geoenvironment, trivalent (Cr3+) and hexavalent (Cr6+) (Richard and
Bourg, 1991). High concentrations of Cr6+ in soil and groundwater are
commonly attributed to anthropogenic activities. However, recent stud-
ies have shown that the occurrence of Cr6+ can also be of geogenic ori-
gin (Becquer et al., 2003; Bonifacio et al., 1997; Caillaud et al., 2009;
Cheng et al., 2011; D'Amico et al., 2008; Dermatas et al., 2015; Garnier
et al., 2006; Gonzalez et al., 2005; Hseu, 2006; Oze et al., 2007). Ultra-
mafic rocks, and specifically serpentinites, are commonly associated
with high concentrations of Cr3+, up to 60,000 mg/kg. These rocks are
also characterized by significant concentrations of magnesium (Mg),
nickel (Ni) and cobalt (Co) (Oze et al., 2004). Although Cr3+ is the pre-
dominant state in most minerals observed in these rocks, groundwater
interacting with such geological background can exhibit high Cr6+ con-
centrations, exceeding the limit of 50 μg/L proposed by the World
Health Organization (WHO) (1993). This is due toweatheringprocesses
that make Cr3+ available for oxidation by high-valence manganese
, point of zero charge; SEM,
area; WHO, World Health

nce.
oxides (e.g., δ-MnO2), which is subsequently released as highly mobile
Cr6+ in groundwater (Oze et al., 2007).

In aqueous media Cr6+ occurs in anionic forms, namely chromate
(CrO4

2−), hydrogen chromate (HCrO4
−) and dichromate (Cr2O7

2−) de-
pending mainly on the pH values of the media. In the case of groundwa-
ter, since pH values range between 6 and 9, Cr6+ exists mainly as
chromates. Several studies have reported high correlation between Cr6+

and total Cr (Crtot) concentrations in serpentine aquifers, thus effectively
confirming the fact that it is the only form that can be transported with
groundwater (Dermatas et al., 2015; Fantoni et al., 2002; Margiotta et
al., 2012). Reduction and adsorption-desorption are the main processes
that retard Cr6+ transport (Economou-Eliopoulos et al., 2014).

Cr6+ reduction in natural environments is facilitated by ferrous iron,
sulfides and organic matter (Fendorf, 1995), while bacterially mediated
reduction is also possible (Oliver et al., 2003; Xiao et al., 2014). Metal
(hydr)oxides, especially Fe- and Al-oxides, are the primary minerals
that control adsorption of Cr6+ in soils (Ajouyed et al., 2010;
Álvarez-Ayuso et al., 2007; Fernández-Pazos et al., 2013; Otero et al.,
2015; Zachara et al., 1987). Adsorption is a pH dependent process, con-
trolled by the point of zero charge (PZC) of the mineral surface. At
pH b PZC, surfaces are positively charged and Cr6+ adsorption increases
with decreasing pH. For pH values greater than the PZC adsorption is
minimized due to electrostatic repulsions between the chromate anions
and the negatively charged surface (Sposito, 1989). Due to their rela-
tively high PZC, iron (hydr)oxides such as goethite (Fe3+OOH)
(Abdel-Samad and Watson, 1997; Ajouyed et al., 2010; Mishra, 2012),
ferrihydrite ((Fe3+)2O3·0.5H2O) (Tzou et al., 2003) and hematite
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((Fe3+)2O3) (Adegoke and Adekola, 2012; Ajouyed et al., 2010; Hejri et
al., 2015) are known adsorbents for anions including Cr6+. Magnetite
(Fe2+(Fe3+)2O4) is also a common soil mineral able to adsorb and sub-
sequently reduce Cr6+ on its surface (Peterson et al., 1996; Jung et al.,
2007; Choi et al., 2008).

While several studies have reported the presence of iron (hydr)ox-
ides in serpentine soils and sediments (Becquer et al., 2003; Bonifacio
et al., 1997; Caillaud et al., 2004; Fandeur et al., 2009; Kelepertzis et
al., 2013), there is no informationwith regard to Cr6+ sorption behavior
in aquifers with ultramafic (serpentine) geologic background. Given the
importance of sorption for transport, such knowledge is necessary in
order to evaluate mobility of Cr6+ in serpentine aquifers. Accordingly,
the aim of the present study is to investigate the processes that affect
Cr6+ removal in serpentine sediments from an ultramafic region in
Greece, and study these processes as a function of pH, mineralogy,
sediment's particle size and initial concentration of Cr6+. In addition,
Langmuir and Freundlich isotherms are fitted in order to extract the
necessary distribution factors for transport modeling. This work is the
first step in developing a more general framework to quantify and
model the adsorption of Cr6+ on serpentine soils and sediments.

2. Materials and methods

2.1. Sediment sampling and analysis

The sediment sampleswere obtained from a sampling program con-
ducted in the Vergina area in northern Greece (Dermatas et al., 2015).
This area is characterized by an ultramafic geological background
(Latsoudas and Sonis, 1991; Papanikolaou, 2009). During drilling, con-
tinuous core sampling (every 20–50 cm) took place down to 94 m
depth. Four different aquifers were encountered at various depths
(41–49 m, 54–60 m, 74–86 m and 91–94 m). Details of the sampling
campaign and the characterization results are provided by Dermatas
et al. (2015). Sediment samples for the present study were collected
from the first aquifer at 41–49 m. The grain size distribution curve
was obtained according to the ASTM D 422-72 method. Afterwards,
the fraction smaller than 0.5 mmwas utilized to conduct all adsorption
experiments, allowing improved sample homogenization for further
sub-sampling. Given that adsorption is typically dominated by smaller
particle sizes, exclusion of larger particles should have minimal impact
on the quantitative results and Kd values.

Sediment characterization included pH measurements according to
method SW-846 (US EPA 9045C). Elemental analysis was carried out
using X-ray fluorescence spectrometry (XRF) (Spectro Xepos). Sample
preparation involved drying at 103 °C for 24 h and crushing to
−100 μm. The total organic carbon (TOC) was measured using the
Walkley-Black method. The total Cr6+ concentration naturally occur-
ring in the sampleswas determined using EPAmethods 3060A (alkaline
digestion) followed by 7196A (diphenylcarbazide). The total specific
surface area was determined by the N2/BET adsorption method.

The mineralogical composition of the −0.5 mm fraction was
assessed by powder X-ray diffraction (XRD), using a D8 Bruker Focus
X-ray diffractometer. XRD patterns were collected between 5° and 65°
with a 0.02° step size. Datawere processed using the Jade software (Ma-
terials Data, Inc.) with reference to the International Center for Diffrac-
tion Data database. Quantitative XRD analysis was performed using the
Whole Pattern Fitting method of Jade, suing structural data from the
American Mineralogist Crystal Structure database. In addition, a scan-
ning electron microscopy (SEM) analysis was performed using a JEOL
JSM5600microscope equippedwith an energy dispersive spectrometer
(EDS) (Oxford ISIS 300).

2.2. Batch experiments

Batch experiments were performed for investigating the effect of a)
pH, b) mineralogy, c) sediment's particle size and d) Cr6+ initial
concentration, on Cr6+ adsorption. Sediment samples were sterilized
prior to the experiments in order to prevent microbial reduction of
Cr6+. It is expected that the fine sediment fraction determines the ad-
sorption process in the aquifers and since the finer the fraction, the
greater the adsorption effects, sediment with grain size b0.5 mm was
used in all the series of experiments at a concentration of 20 g/L. The ef-
fect of pH on adsorption was tested using initial Cr6+ concentration
equal to 250 μg/L. This concentration was chosen as the upper limit of
Cr6+ concentration in an aquifer with ophiolitic background and low
contribution of anthropogenic activities. Specifically, agricultural activi-
ties taking place in the Vergina region may increase the mobilization of
geogenic Cr6+ due to the addition of ammonium and phosphate based
fertilizers (Becquer et al., 2003; Mills et al., 2011). The experiments
were carried out at room temperature (25 °C), in a 0.01MNaCl solution,
in the pH range from 3 to 9. The pH adjustment was performed using
HCl/NaOH solutions of 1 M. Erlenmeyer flasks containing 50 mL of the
suspension were placed in an orbital shaker at 200 rpm for 24 h. For
Cr6+ determination sediment solutions were filtered using 0.45 μm
pore filters and Cr6+ was then determined using EPA method 7196A.
The tests were carried out in triplicates.

The removal of Cr6+ was determined by the difference between the
initial and the final concentration in the equilibrium solution of Cr6+,
according the following equation.

%removal ¼ C0−Cf

C0
� 100 ð1Þ

where, C0 (μg/L) is the initial concentration of Cr6+ and Cf (μg/L) the
final concentration of Cr6+ in the equilibrium solution.

After removal of the supernatant and filtration, the recovered sedi-
ment was added again to a 0.01 M NaCl solution and the pH was raised
to 11. The suspensionwas shaken for another 24 h to facilitate complete
desorption of Cr6+ into solution. The recovered Cr6+ in this solution
was measured using the same filtration and analysis process. Thus, the
following concentrations of Cr6+ may be defined at every pH:

• Cr6+ removed: Cr6+ added (250 μg/L) – Cr6+ remaining in solution at
the given pH

• Cr6+ adsorbed: Cr6+ released in solution at pH 11 - Cr6+ naturally oc-
curring in sediment

• Cr6+ reduced: Cr6+ removed – Cr6+ adsorbed

2.2.1. Effect of mineralogy
In the pH edge experiments, the presence of black grains with mag-

netic propertieswas observed uponaddition of the sediment in theNaCl
solution. This magnetic fraction was easily removed using a magnetic
bar. Three series of experiments were carried using the initial sediment
sample (bulk sediment), the residual soil fraction after the removal of
themagnetic fraction (non-magnetic fraction) and the isolatedmagnet-
ic fraction.

2.2.2. Effect of particle size
The effect of particle size was tested using the non-magnetic sedi-

ment fraction. The non-magnetic sample with grain size b0.5 mm was
further sieved in order to obtain the three following fractions: a)
0.5 mm b d b 0.25 mm, b) 0.25 mm b d b 0.075 mm, c) d b 0.075 mm.
Sampling from the obtained fractions was performed using the quad-
rant method at each fraction.

2.2.3. Effect of initial concentration
A K2Cr2O7 stock solution of 100 mg/L was used for achieving initial

concentrations of Cr6+ between 10 to 100mg/L. The non-magnetic sed-
iment sample with grain size b0.5 mm was used. Four series of experi-
ments were carried out, keeping constant the pH value at 4.5, 5.5, 6.5
and 7.5.



Fig. 1. Comparison of the XRD patterns of the bulk soil (bottom) and themagnetic fraction
(top) (Ch: chrysotile, Cl: chlorite, Cr: chromite, M: magnetite, Q: quartz, A: albite, H:
hematite).
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3. Results and discussion

3.1. Sediment chemistry and mineralogy

The grain size distribution curve (Fig. S1, Supplementary material)
showed that the collected sediment is consisted of gravels at 25.8%,
sand at 35.2% and clays at 5.0%. The serpentine origin of the tested sed-
iments at all depths was confirmed by XRF and XRD analysis (Dermatas
et al., 2015). The results of XRF analysis performed (Table 1) are consis-
tent with previous bulk data. Fe and Cr concentrations did not vary sub-
stantially in the six particle size fractions analyzed,with the exception of
higher concentrations of both elements observed in the fraction be-
tween 0.5 and 2 mm. Conversely, fractionation of the sediment on the
basis of magnetic properties showed an accumulation of both Cr and
Fe in the magnetic fraction of the sediment, which had double the Fe
and 7× the Cr concentration compared to the non-magnetic fraction.
Themass of themagnetic fractionweighed at 0.1 g per gramof bulk sed-
iment. Based on this distribution, the mass balance for Fe between the
non-magnetic and the magnetic sediment fractions closes with the
measured Fe concentration in the bulk sample. Mg, Mn and Co showed
slightly increased concentrations in themagnetic fraction aswell, while
Al and Si were significantly lower. These observations are related to the
sediment minerals that prevail in the different fractions.

Fig. 1 presents the two XRD patterns of the bulk sediment sample
and themagnetic fraction. Both patterns contain typical minerals of ser-
pentine origin, including chromite/magnetite and chrysotile, as well as
quartz and albite that aremore representative of sedimentswith granit-
ic background. The relative intensity of chromite and chrysotile is higher
in the magnetic fraction XRD, while alumino-silicates are very low,
which agrees with the accumulation of Fe and Cr in the magnetic frac-
tion, and the lower concentration of Si.

The presence of chromite was verified by SEM-EDS analysis (Fig. 2).
The results showed the occurrence of a spinel mainly covered by bulk
serpentinized mass (black area). In addition chromite (Fe2+Cr2O4)
and Cr-magnetite (Cr-Fe2+F3+2O4) were also observed (Table S2, Sup-
plementary material). The presence of chromite and magnetite with
isomorphic substitutions between Mg with Fe2+ and Cr with Fe3+ is
typical for serpentine soils and sediments (Barnes and Roeder, 2001;
Farahat, 2008). Economou-Eliopoulos (2003) mentioned that apart
from grained magnetite in a sediment matrix, magnetite can be associ-
ated with chromite since magnetite is the final product of sequential
transformations to ferrian-chromite and finally to magnetite. Another
option is the occurrence of magnetite as rims on chromite.

The mass balance for Fe, Al, Cr, Mg and Si calculated through quanti-
tative XRD (Table S3, Supplementary material) and measured by XRF
(Table 1) is shown in Table 2. The results indicate that the amorphous
fraction consists of Fe, Mg and Si, while Al and Cr are accounted by
their crystalline phases. Poorly crystallized goethite is likely the pre-
dominant amorphous iron hydroxide due to its common formation in
serpentine soils (Chardot et al., 2007), without excluding the presence
of other amorphous iron oxides. Amorphous Si oxides and
Table 1
Results of XRF analysis.

Soil sample Grain size (mm) Elements (mg/kg)

Fe Al

1st fraction d N 4.75 52,563 19,170
2nd fraction 2 b d b 4.75 64,323 13,511
3rd fraction 0.5 b d b 2 67,179 12,515
4th fraction 0.25 b d b 0.5 61,062 n.q.
5th fraction 0.075 b d b 0.25 63,800 n.q.
6th fraction d b 0.075 69,786 n.q.
“Bulk” soil d b 0.5 68,523 17,354
“Non-magnetic” fraction d b 0.5 61,278 12,281
“Magnetic” fraction d b 0.5 129,290 3857

n.q. not quantified.
cryptocrystalline or amorphous magnesite may also occur as alteration
products of serpentinized ultramafic rocks (Peterson, 1984; Zachmann
and Johannes, 1989).

Taking into account the PZC values (Table S4, Supplementary mate-
rial) of the identified minerals, Cr6+ adsorption can mainly be attribut-
ed to severalminerals that have high PZCs:Hematite (Singh et al., 1993)
and amorphous goethite (Fendorf, 1995) that have been previously
identified in serpentine soils in Greece (Kelepertzis et al., 2013) and in
this study. In addition, chlorite (Brigatti et al., 2000) and magnetite
(Jung et al., 2007) can contribute to Cr6+ removal via both reduction
and adsorption. Chromite and chrysotile also have PZCs that can justify
Cr6+ adsorption; however there is no information in the literature with
respect of the sorption behavior of these minerals.

3.2. Batch experiments

3.2.1. Effect of pH and mineralogy
The effect of pHwas first tested using the bulk sediment sample (Fig.

3a). The results showed a decreasing trend in Cr6+ removal with in-
creasing pH. Maximum removal of almost 80% was achieved at pH 3.
The desorption experiments indicated that removal of Cr6+ was not
completely reversible, which in turn shows that two processes were re-
sponsible: adsorption, which is reversible and corresponds to the
amount recovered at pH 11, and reduction, which is irreversible, and
corresponds to the difference between removal and adsorption. It
should be noted that throughout the experiments, oxidation Cr3+ to
Cr6+ within the soil was deemed to be negligible, as indicated by
batch oxidation experiments showing no appreciable Cr6+ within
24 h of leaching (unpublished data).
Cr Mg Si Mn Co Cr(VI)

1724 152,220 226,240 830 117 n.q.
3632 173,820 210,700 1032 156 n.q.
4767 171,000 207,386 1092 162 n.q.
2148 n.q. n.q. 1175 n.q. 0,67
1658 n.q. n.q. 1248 n.q. 0,76
1522 n.q. n.q. 1458 n.q. 0,81
3754 150,720 209,766 1215 153 1,47
2361 144,480 207,386 1164 149 0,87
14,197 153,240 148,820 1264 263 0,94



Fig. 2. SEM image of a soil sample with grain size b0.5 mm.
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The relative contribution of adsorption and reduction was also a
function of pH. The adsorption of Cr6+ was approximately constant
and was determined as 50% of the removed Cr6+ in the pH range 4 to
7. The Cr6+ adsorption capacity in this pH range is calculated at 2 mg
of Cr6+ per kilogram of sediment. At pH N7, adsorption decreased, but
its relative contribution increased, reaching almost 100% of the removal.
Conversely, reduction was more significant at pH 3 and 4, decreased to
~50% of removal in the pH range 5–7 and then decreased to almost zero
at pH 7.5 and 8.5.

This inversely proportional trend of Cr6+ reductionwith pH has also
been observed in other studies investigating Cr6+ reduction in the
geoenvironment (Henderson, 1994; Rai et al., 1988). Cr6+ reduction
in the Vergina sediment is attributed to inorganic reductants such as
Fe2+, since very little organic matter (total organic carbon 0.08%,
Table S1, Supplementary material) existed in the sample, and microbial
reduction was prevented by sterilization. The identification of themag-
netic fraction and Cr-magnetite in the SEM analysis also supports this
notion.

In order to further explore the role of the magnetic fraction, two se-
ries of batch experiments were carried out, in which Cr6+ removal was
tested in the non-magnetic (Fig. 3b) and magnetic (Fig. 3c) fractions.
The non-magnetic fraction followed a similar trend of Cr6+ removal
versus pH, but displayed an overall lower capacity for removal com-
pared to the bulk sediment. Maximum removal at pH 3 was approxi-
mately 8 mg/kg or 60% of the total Cr6+, significantly lower than the
80% achieved in thebulk sediment sample. The difference stems primar-
ily from the lower reduction capacity, especially at pH N 4, while the
contribution of adsorption was very similar, around 2 mg/kg for both
the bulk and non-magnetic fractions. This indicates that the sorptive
surfaces are similar in the bulk and in the non-magnetic fraction while
the reducing compounds are depleted in the non-magnetic fraction.
Table 2
Mass balance for Fe, Al, Cr, Mg and Si concentrations as measured by XRF analysis and as
determined via quantitative XRD.

Fe (g/kg) Al (g/kg) Cr (g/kg) Mg (g/kg) Si (g/kg)

Total XRD 43,2 19,0 4,3 120,1 169,4
XRF 68,5 17,4 3,8 150,7 209,8
Amorphous (XRF-XRD) 25.3 −1.6 −0.5 30.6 40.4
The results of Cr6+ removal by the magnetic fraction confirmed the
hypothesis that it has a high removal and reduction capacity. As ob-
served from Fig. 3c, the maximum removal of Cr6+ by the magnetic
fraction at pH3was higher than 90%. For pH values between 5 and 7, re-
moval was measured at 50% (6.5 mg/kg) and is almost 1.5 times higher
compared to the bulk sediment. The results also indicated that the ad-
sorption contribution in the magnetic fraction was constant at
2 mg/kg. Thus, the increased removal was exclusively due to enhanced
reduction.

Potential minerals with magnetic properties identified by XRD are
primarily magnetite and to a lesser extent chromite. Kendelewicz et
al. (1999) and He and Traina (2005), have reported that the reduction
rate of Cr6+ by magnetite is relatively faster at acidic conditions than
at neutral and alkalinepHvalues. Choi et al. (2008) observed that the re-
duction rate of Cr6+ decreased as the pH of the magnetite solution in-
creased above the PZC of magnetite (~7.5), and the results obtained at
equilibrium are qualitatively consistent with the results of this study.
The mechanism for Cr6+ removal has been shown to be a combination
of adsorption and reduction processes. The initial adsorption of Cr6+ on
the surface of magnetite is followed by Cr6+ reduction on its reactive
surface sites (Jung et al., 2007) with the percentage of Fe2+ on the sur-
face ofmagnetite being a factor that controls the reduction of Cr6+ (Choi
et al., 2008).

Comparing the adsorbed amount of Cr6+ by the bulk sample with
the weighted average of the magnetic and non-magnetic fractions
shows that the bulk sediment has almost equal adsorption capacity
with the other two fractions. Regarding the removal capacity it is ob-
served that the weighted sum of the two fractions is 10% higher than
that of the bulk. A possible explanation is that the magnetite surface in
the bulk sediment is likely not entirely available to react with the liquid
phase as compared to isolating and suspending themagnetic fraction in
solution with L:S of 50.

3.2.2. Effect of particle size
The effect of particle size at Cr6+ removal was tested in three frac-

tions of the non-magnetic fraction: a) 0.25 mm b d b 0.5 mm, b)
0.075 mm b d b 0.25 mm and c) d b 0.075 mm. The magnetic fraction
was removed in order to minimize reduction and isolate the adsorption
process. As shown in Table 3, the mass of the magnetic fraction de-
creased with decreasing grain size. A possible explanation of this trend
is that chromite and its alteration products including magnetite,



Fig. 3. Adsorption of Cr6+ ([Cr6+]0 = 250 μg/L) on a) the bulk soil, b) the non-magnetic fraction and c) the magnetic fraction (diamonds: removal; squares: adsorption; triangles:
reduction).
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which were observed in higher concentration in the magnetic fraction,
belong to the group of spinels which exhibit resistance to weathering
and accumulate in the coarser fraction.

The results of the batch tests (Fig. 4) showed that Cr6+ removal de-
creased with increasing particle size. The maximum removal at pH 3
Table 3
Properties of various particle size fractions.

Sample SSA
(m2/g)

Fraction
percentage

Mass of magnetic fraction per
mass of “bulk” soil (g/g)

“Non-magnetic”
fraction

55.95 100% 0.10

0.25 mm b d b 0.5 mm 45.84 44% 0.19
0.075 mm b d b 0.25 mm

52.49 36% 0.09
d b 0.075 mm 57.67 20% 0.02
decreased from 10 mg/kg in the b0.075 mm fraction to 8.5 mg/kg in
the intermediate and 7.8 mg/kg in the 0.25 mm b d b 0.5 mm fraction.
Theweighted average of the three fractions is 8.5mg/kg,while themea-
sured maximum removal in the non-magnetic fraction at pH 3 was
7.6 mg/kg (Fig. 3b). Similar to the comparison of the bulk sediment
with the individual magnetic and non-magnetic fractions, separating
the sediment fractions increases removal efficiency.

Both the coarse and intermediate fractions exhibited zero reduction
capacity at pH N 4, while the contribution of reduction at pH below 4
was approximately 50% of the total removal. At pH N 4, adsorption
was the only mechanism for Cr6+ removal in the two coarser fractions
and was approximately 2 mg/kg in the pH range 4.5–7.5, decreasing
to almost zero at pH N 8. The finest fraction (b0.075 mm) maintained
a similar adsorption capacity in the entire pH range, but had substantial-
ly higher reduction capacity at pH b 5,which increased linearlywith de-
creasing pH.



Fig. 4.Adsorption of Cr6+ ([Cr6+]0= 250 μg/L) on a) the 0.25mm b d b 0.5mm soil fraction, b) the 0.075mm b d b 0.25mmsoil fraction and c) the d b 0.075mm soil fraction (diamonds:
removal; squares: adsorption; triangles: reduction).
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Both adsorption and reduction by magnetite are surface-driven pro-
cesses, so that the specific surface area (SSA) is an important parameter
to account for the observed differences between various fractions. In
general, increasing the particle size the adsorption of metal ions de-
creases, since the larger particles are characterized by lower SSA values
and thus have fewer active sites for adsorption per unit of mass of the
adsorbent (Aravanakumar and Umar, 2011; Choudhury et al., 2014;
Krishna and Swamy, 2012). Table 3 shows the BET-measured SSAvalues
for the bulk non-magnetic fraction, as well as the individual size frac-
tions. The determined SSA values are all very high, especially for the
coarser fractions that should not include substantial vermiculite or chlo-
rite that have high SSAs, indicating that the sediment fabric likely has
substantial surface porosity. To put these values in perspective, typical
pure goethite has SSA 25–90 m2/g (Villalobos and Pérez-Gallegos,
2008), chlorite 25–150 m2/g (Sparks, 2003), while quartz has SSA as
low as 1–2 m2/g (Meloni et al., 2012). Serpentine minerals generally
have low SSAs, in the order of 7 m2/g (Daval et al., 2013). Based on
the observed mineralogical composition, it appears that all fractions
have substantial surface porosity, which dominates the effect of particle
size. Thiswas further explored bynormalizing reduction and adsorption
using the measured SSA values.

Fig. 5 presents themolar mass of Cr6+ reduced and adsorbed per m2

for the three particle size ranges, the weighted average of these and the
non-magnetic fraction. In general, it can be observed that there are only
small differences between the fraction for both reduction and adsorp-
tion. In terms of adsorption (Fig. 5a), the non-magnetic fraction shows
identical behavior as the finer fraction a common phenomenon in
soils and sediments. The coarser fractions show somewhat increased
adsorption capacity at low pH values (pH 3 and 4) and decreased capac-
ity at pH 6.5. SSA alone cannot explain these differences, as the adsorp-
tion increases with increased particle size, a counter-intuitive
phenomenon. Differences in the slope of the adsorption curve are
most likely related to the dominance of a different type of surface, i.e.
to differences in the protonation behavior.



Fig. 5.Mass of Cr6+ adsorbed per m2, for the three tested fractions and the non-magnetic fraction.
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Adsorption on pure goethite reported by Villalobos and Pérez-
Gallegos (2008) reached a maximum between 8 nmol/m2 (SSA
70 m2/g) and 10 nmol/m2 (SSA 50 m2/g) at pH 7, with a similar initial
Cr6+ concentration of 5 μM (260 μg/L) and solid concentration
(10 g/L). Assuming that all 25 g/kg of amorphous Fe (Table 2) are pres-
ent as goethite, 40 g of goethite (α-FeOOH) would be present per kg of
sediment, which in turn corresponds to an adsorption capacity of
0.4 nmol/m2, making a simplifying assumption that goethite and the
sediment have the same SSA of 50m2/g. The observedmaximumcapac-
ity in the bulk non-magnetic fraction is 0.8 nmol/m2, which indicates
that there are additional sorption surfaces for Cr6+ in the amorphous
iron fraction, which accounts for only 50% of the maximum adsorption.
As previously discussed, hematite, chlorite and chrysotile are additional
minerals with high PZC that may contribute to Cr6+ adsorption.

The reduction curve of the non-magnetic fraction follows more
closely the intermediate fraction and the weighted average of all frac-
tions. The finer fraction has a higher reduction potential and appears
to play amore significant role at pH N 5, inwhich the bulk non-magnetic
fraction maintains a small reduction capacity that is higher than the
weighted average of the individual fractions. The effect of SSA for the re-
duction curves is overall straightforward, given that the reduction po-
tential is increased with reduced particle size, as expected for a
surface-driven phenomenon.
3.2.3. Effect of initial concentration
The effect of Cr6+ initial concentration on adsorption and reduction

was tested on the non-magnetic fraction in the range of 10 to 100mg/L
Cr6+, for four different pH values (4.5, 5.5, 6.5 and 7.5). The considerably
higher concentrations used in this series were necessary in order to
reach a plateau in the isotherms, while maintaining the L:S ratio identi-
cal as in the above batch experiments. As observed in Fig. 6, the sedi-
ment possesses substantially higher reductive and adsorptive capacity
compared to the valuesmeasured in the non-magnetic fraction at initial
concentration of 250 μg/L (Fig. 4b). This clearly demonstrates that the
observed reduction is a surface-driven process, which requires
partitioning of Cr6+ onto the solid phase in order for the reduction
step to occur. In other words, reduction is partially driven by adsorption
equilibria as well. This phenomenon has been previously discussed by
Kendelewicz et al. (2000) and He and Traina (2005) for puremagnetite.

The reduction curves exhibit greater variability compared to the ad-
sorption isotherms, especially at high Cr6+ initial concentrations. At
pH 4.5, no plateau was reached and a reduction capacity of 900 mg/kg
wasmeasured at initial Cr6+ of 100mg/L. At higher pH values, a plateau
seemed to be reached in the range 400–500 mg/kg, however the vari-
ability at high concentrations was too high to make a reliable quantita-
tive distinction between the different pH values. In general, it appears
that at pH values above 5 the reduction is limited by the availability of
H+, which was also the case at the much lower initial Cr6+ concentra-
tion of 250 μg/L. For the reduction of 500 mg/kg (~1 mmol/kg) of
Cr6+, 3 mmol of Fe2+ are required stoichiometrically, or 3 mmol of
pure magnetite according to the reaction (Peterson et al., 1997)

6Fe2þFe3þO4 þ 2CrO2−
4 þ 4Hþ→9γFe2O3 þ 2CrOOHþH2O

This corresponds to 168mg of Fe2+ per kg sediment or 698mg pure
magnetite. Even though these experimentswere conducted on the non-
magnetic fraction, Fe2+ is present in Cr-magnetite, chromite, chlorite
and other minerals in the matrix that cannot be isolated with simple
magnetic separation. Given the higher percentages of these minerals
in the sediment, this amount of available Fe2+ is clearly feasible.

The adsorption curves followed the trends of traditional isotherms,
inwhich the increase in Cr6+ concentration leads to increase of Cr6+ ad-
sorption up to 70 mg/L, above which it reaches a plateau for all pH
values tested. This phenomenon is attributed to the saturation of the
available surface sites. In addition, decrease of pH values causes increase
in Cr6+ adsorption, for the same values of initial concentration. The de-
crease of pH from 7.5 to 4.5 doubled Cr6+ adsorption, from amaximum
of 100 to 200 mg/kg, or approximately 25% of the total removal. The
contribution of adsorption to removal was lower in this concentration
range compared to the batch experiments with 250 μg/L initial concen-
tration, in which it ranged between 35% at pH 3 and 95% at pH 8. The
maximum adsorption capacity follows a logarithmic trend with pH
(R2 0.98) (Fig. S2, Supplementary material). This is explained by the



Fig. 6. Effect of Cr6+ initial concentration on (a) adsorption, (b) reduction and (c) total removal for four different pH values (4.5, 5.5, 6.5 and 7.5) at room temperature (25 °C).
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increase in H+, which increases positively charged surface sites and
thus anion surface complexation (Sposito, 1989).

The adsorption and removal data presented in Fig. 6 were also used
to fit Langmuir and Freundlich isotherms and to determine distribution
factors that may be employed in transport modeling. While removal in-
cludes reduction, which is not traditionally modeled through iso-
therms, it is more practical to determine a single distribution factor
to describe both processes, since they occur simultaneously. The lin-
earized Langmuir (Eq. (2)) and Freundlich (Eq. (3)) isotherms and
their associated constants are included in Table 4. At both equations
Ce (mg/L) is the concentration of adsorbate remaining in the solution
Table 4
Langmuir and Freundlich constants for Cr(VI) adsorption and removal at four different pH valu

pH Langmuir

Adsorption Removal

Q
(mg/kg)

b
(L/mg)

R2 Q
(mg/kg)

b
(L/mg)

R2

4.5 0.33 2.29E-03 0.94 6.07 8.11E-02 0.05
5.5 0.35 1.46E-03 0.85 33.00 2.83E-01 0.00
6.5 0.25 9.50E-04 0.91 0 0 0.00
7.5 0.19 6.26E-04 0.87 2.37 1.95E-02 0.08
at equilibrium and qe (mg/g) is the amount of adsorbate per unit
mass of adsorbent.

Ce

qe
¼ 1

Q � bþ 1
Q
Ce ð2Þ

Where Q (mg/kg) is the maximum adsorption and b (L/mg) is the
Langmuir bonding energy coefficient.

logqe ¼ logKþ 1
n
logCe ð3Þ
es (4.5, 5.5, 6.5 and 7.5) at room temperature (25 °C).

Freundlich

Adsorption Removal

K
(mg/kg)

n
(L/mg)

R2 K
(mg/kg)

n
(L/mg)

R2

17.08 1.74 0.98 22.33 1.19 0.91
1 6.10 1.30 0.95 8.16 0.98 0.90
1 6.58 1.42 0.93 7.62 1.00 0.87

6.28 1.50 0.90 7.62 1.01 0.87
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Where K (mg/kg) and n (L/mg) are Freundlich parameters charac-
teristic of the system, which are determined empirically and indicate
the adsorption capacity and adsorption intensity, respectively. The
higher then factor, themore the expected heterogeneity of the available
sorption sites.

The correlation coefficient (R2) values (Table 4) indicate that the
Freundlich isotherm describes better the experimental data in both
cases (Figs. S3 and S4, Supplementarymaterial), indicating the presence
of heterogeneous surface sites on the solid surface. The K values were
very close at pH above 5 for both adsorption and removal and increased
substantially at pH 4.5. The natural pH of these sediments is between7.5
and 8.5, so that acidic pH is unlikely to occur and the Kd values should
not vary much in natural conditions. In addition, a n value N1 is indica-
tive of the favorable nature of adsorption. The Langmuir isotherm could
only describe the adsorption data and the slight difference between the
R2 factors for Freundlich and Langmuir isotherms indicates that the for-
mation of a Cr6+ monolayer on the sediment surface is possible
(Ajouyed et al., 2011; Vázquez et al., 2007).

4. Conclusions

This study focused on the sorption behavior of Cr6+ in serpentine
sediments, a process that has not been studied despite the abundant lit-
erature in Cr6+ production in these geologic backgrounds. The results
showed that both adsorption and reduction of Cr6+ take place and
both increase as the pH decreased from 8.5 to 3. Reduction was most
pronounced below pH 5, contributing 50% of the removal in the pH
range 3–7. This process was associated with the presence of a magnetic
fraction that includes magnetite and magnesio-chromite as primary
minerals. Conversely, adsorption was constant in the pH range 3–7
and decreased sharply to reach zero at pH 8.5. This process is attributed
to the presence of hematite and amorphous iron oxy-hydroxides in the
sediment. Both processes are surface-drivenwith reduction being influ-
enced by adsorption since partitioning of Cr6+ onto the solid surface is
required before reduction takes place.

Evaluation of sorption as a function of particle size showed that the
finer fraction (d b 0.075 mm) dominated the adsorption behavior of
the sediment. However, coarser fractions were also found to possess
substantial adsorption capacity, related to a high surface area, which is
uncharacteristic of most coarse sediments. Thus, serpentine sediments
are found to have substantial surface porosity even in coarser fractions.

Finally, Langmuir and Freundlich isotherms fit very well the experi-
mental data, indicating thus the simultaneous heterogenity of the sur-
face sites on the serpentinitic sediments and possibly the formation of
a monolayer for Cr6+ adsorption. The resulting distribution factors
may be used to describe Cr6+ retardation in transport models, either
for removal (adsorption + reduction) or adsorption alone, by taking
the respective datasets. Further research will focus on the development
of surface complexation models that can describe Cr6+ adsorption on
serpentine sediments, taking into account changes in groundwater
chemistry.
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