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ABSTRACT

The aim of the present work is to evaluate the mobility of chromium (VI) in aquatic systems by studying its in-
teraction with different rivers sediments. The studied sediments were collected from the river Essouk which flows
through a mining area in Skikda, and from the river Hemimime which flows through an industrial area in Con-
stantine. The Cr(VI) fixation experiments on the studied sediments were carried out in batch. The results obtained
show that the fixation of Cr(VI) is mainly related to the composition of the sediments. Sediments with a predomi-
nance of schwertmannite fix Cr(VI) better. The predominance of jarosite or calcite in sediments, implies a low
Cr(VI) retention capacity. In the three cases, the kinetics of Cr(VI) fixation follows the pseudo-second order kinetic
model. The adsorption isotherm is best described by the Freundlich model in the case of the jarosite predominance
and by the Langmuir model in the case of the schwertmannite or the calcite predominance.
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INTRODUCTION

In recent decades, the intensive use of chro-
mium in various industrial activities has resulted
in a contamination of aquatic ecosystems. Chro-
mium contamination of water, soil or sediment
is a major environmental concern due to its po-
tential to enter the food chain (Hashem et al.,
2020). Chromium occurs in different oxidation
states from —II to +VI. The trivalent (Cr(IlI))
and the hexavalent (Cr(VI)) forms are the major
chromium species in aquatic systems. Cr(VI) is
considered to be toxic due to its height oxidizing
potential, elevated solubility and ability to cross
biological membranes (Baraud et al., 2017). In
soils, Cr(VI) species can be taken up by plants
and easily leached out into the deeper soil lay-
ers causing groundwater and surface water
pollution (James and Bartlett, 1984). They are
also released from Cr(Ill) oxidation indirectly
catalyzed by manganese oxides (Eary and Ral,
1987) or directly catalyzed by oxidants such as
hydrogen peroxide or free oxygen (Kazakis et
al., 2017). Cr(VI) species can be adsorbed by
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iron oxyhydroxides, aluminium oxides and other
soil colloids with a positively charged surface
(James and Bartlett, 1983). Sediments play an
important role in the aquatic ecosystems. They
are considered to be the main sink for various
pollutants, but when environmental conditions
change (pH, redox potential, etc.), they can act
as a source of pollution. Studies have been car-
ried out on the fixation of Cr(VI) in serpentine
sediments (Mpouras et al., 2017) and in sedi-
ments with illite and smectite predominance
(Cao et al., 2021). The aim of this work is to
study Cr(VI) fixation on sediments with a pre-
dominance of iron oxyhydroxysulphate, such as
schwertmannite and jarosite and with a predomi-
nance of calcite.

MATERIAL AND METHODS

Sediments samples

In the present study, the chromium (VI)
retention in the sediments of three rivers in
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north-eastern Algeria was investigated. Two sedi-
ment samples were taken from a river in a min-
ing area (Essouk river), and the third sample
was taken from an urban area (Hemimime river)
(Figure 1). The Essouk river located at Oum El
Toub in the wilaya of Skikda, flows through the
Sidi Kamber mining area. The main mineralogi-
cal components of the mine are galena (PbS),
blende (ZnS) and barite (Boukhalfa, 1993). The
Hemimim river located in the wilaya of Constan-
tine, drains the industrial zone of the city of El-
Khroub. Previous studies, have shown that the
water of the Essouk river is characterized by an
acidic pH (4.85), significant mineralization (2055
ps/cm), and high metals concentrations (Fe: 473
mg/l, Zn: 78.61 mg/l) (Boukhalfa, 2007), while
the water of the Hemmime river is characterized
by an alkaline pH (7.57). In the Essouk river, the
sediment samples were taken in the immediate
vicinity of the mine’s effluents. The first sediment
sample has a yellowish color (S1), the second one
is red (S2). The sediment collected in the Hem-
mime river (S3) is brown in color. The sediments
in the sampling areas are acidic in the case of the

Essouk samples (S1: 3.14; S2: 2.47) (Boukema-
ra et al., 2017) and alkaline pH (7.84) with high
content of organic matter (6.2%) in the case of
Hemmime sample (Merabet et al., 2016). EDX
analysis has shown the predominance of silicon,
sulphur, potassium and iron in the case of the first
Essouk sediment (S1), iron, silicon, and sulphur
in the case of the second Essouk sediment (S2)
(Boukhalfa and Chaguer, 2012) and carbon, sili-
con and calcium in the case of Hemimime sedi-
ment (S3). XRD analysis has shown that the main
mineralogical phases of the sampled sediments
are jarosite (KFe,(SO,),(OH),) and quartz (SiO,)
in the case of the first Essouk sediment (S1),
schwertmannite (Fe O (OH),-nH,0) and kaolin-
ite (A1,Si,0,(OH),) in the case of the second Es-
souk sediment (S2) (Boukemara et al., 2017) and
calcite (CaCO,), quartz and kaolinite in the case
of the Hemimime sediment (S3) (Merabet et al.,
2016). The pH,,. values are 4.38 and 4.66 for
the sampled sediments S1 and S2 respectively
(Boukemara et al., 2017) and 8.5 in the case of
the sediment S3 (Talhi et al., 2020). The surface
charge is therefore favorable for electrostatic
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Figure 1. Localization of sediment sampling sites: (a) in the Essouk river; (b) in the Hemimime rivers
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attraction of anions at pH < 4.38 for the sedi-
ment S1, at pH <4.66 for the sediment S2, and at
pH < 8.5 for the sediment S3.

Chromium (VI) fixation on sediments

Cr(VI) adsorption experiments were carried out
in batch mode. Cr(VI) solutions were prepared from
hydrated sodium dichromate (Na,Cr,0,-2H,0).
The effect of pH was evaluated in the pH range
2-10 with an initial Cr(VI) concentration of
1 mg-L! and a sediment dose of 1 g'L!. The pH
of the suspensions formed with Cr(VI) solution
and sediments was adjusted using HCI (0.1M) and
NaOH (0.1M). In the kinetic study, the suspen-
sions formed Cr(VI) (1 mg-L") solution and sedi-
ments (0.05 g), were stirred for times varying from
5 minutes to 24 hours. The effect of initial Cr(VI)
concentration was studied for sediments dose of
1 g'L! and chromium concentrations < 5 mg-L!
during 24 hours of time. In all cases, the residual
Cr(VI) concentration was determined in the super-
natants obtained by centrifugation using the di-
phenylcarbazide method. In this method, hexava-
lent chromium reacts with diphenylcarbazide in
slightly acidic solution to give a red-violet color
which can be determined by molecular absorption
spectrometry at 540 nm. The measurements were
carried out using a SCHIMADZU 1650 PC double
beam spectrophotometer.

RESULTS AND DISCUSSION

Effect of pH

The evolution of chromium (VI) fixation
over the solution pH depends on the sediment
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composition (Figure 2). The adsorption percent-
age does not exceed 12% for the predominantly
jarosite sediment (S1) and 21% for the predomi-
nantly calcite sediment (S3). The presence of
quartz in the first Essouk sediment (S1) and both
quartz and kaolinite in the Hemimime sediment
(S3) reduces their adsorption capacity. The nega-
tive charge on the surfaces of these minerals is
responsible for their low anion adsorption ca-
pacity. Low Cr(VI) adsorption capacity has also
been found in the case of soils characterized by
a significant presence of quartz (Zhou and Chen,
2000). The significant presence of organic matter
in the Hemimime sediment (S3) may also con-
tribute to the reduction of Cr(VI) adsorption. It
has been shown that soil organic matter facilitates
the inhibition of Cr(VI) adsorption (Hua et al.,
2020). In the case of the predominantly schw-
ertmannite sediment (S2), a percentage of about
97% 1is reached showing an important efficien-
cy for Cr(VI) retention. The pH has no effect at
pH < 8 in the case of calcite predominance (S3).
According to the pH,, . of the sampled sediments,
the interaction of Cr(VI) with the predominantly
calcite sediment seems to be mainly electrostatic
as the pH,,, . of this sediment is 8.5. However, in
the case of the two others sediments, electrostatic
interaction is not the sole mechanism which can
explain Cr(VI) uptake; the intervention of chemi-
cal interaction is more likely, since their pH,,, . are
4.38 and 4.66 respectively and significant Cr(VI)
adsorption is observed at pH values higher than
these. Cr(VI) adsorption by sediments dominated
by schwertmannite or jarosite, is maximal in the
pH range 6—7. In a study concerning Cr(VI) ad-
sorption on schwertmannite alone, the optimum
pH was found to be 5 (Li et al., 2021). At pH<3.5,
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Figure 2. Effect of pH on Cr(V]) fixation in sediments
(C,— 1 mg/L; sediment dose — 1 g/L)
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although anions adsorption is favored by the posi-
tive charge of the sediment surfaces, lower Cr(VI)
adsorption is observed in both cases. The Cr(VI)
speciation in this pH range is responsible for this
anomaly. The presence of Cr,0,?, which is larger
than HCrO,, implies lower adsorption. In the pH
range 7-8, the predominance of CrO,? which
requires more energy and occupies more active
sites (Yu et al., 2020; Xu et al., 2019), explains
the decrease in the fixation rate of Cr(VI) on the
used sediments. In the three cases, the adsorption
capacity gradually decreases at pH > 8 due to
the competition of hydroxyl ions for adsorption.
A similar observation has also been reported for
the adsorption of Cr(VI) on serpentine sediments
(Mpouras et al., 2017).

Kinetic study

The kinetics of Cr(VI) uptake by the studied
sediments is characterized by two steps (Figure 3).
The first fast step is related to the high Cr(VI)
concentration gradient and to the availability of
the adsorption sites. As the contact time increas-
es, the Cr(VI) adsorption slows down due to the
decrease of the available adsorption sites on the
one hand and to the slow-down of Cr(VI) trans-
port to the sediment surfaces on the other hand.
The same kinetic evolution has been observed in
the case of Cr(VI) adsorption on different soils
(Zhou and Chen, 2000) and sediments (Cao et al.,
2021). Cr(VI) adsorption on the second Essouk
sediment where schwertmannite predominates

1000 -

(S2), is faster, reaching equilibrium after 3 hours.
However, in the case of jarosite (S1) or calcite
(S3) predominance, it is reached after Shours.

In order to obtain information about the ad-
sorption mechanism, several kinetic models were
applied to analyze the experimental data. Assum-
ing that Q (mg.g") and Qe (mg.g") are the ad-
sorbed amounts at time t and at equilibrium, the
linear equations of the models are respectively:

e Pseudo-second order equation:

t 1 1

0. KQZ Q.

(t) (M

where: K —the pseudo-second order rate constant
(g'mg ' min™).

e Film diffusion equation:

Qt
In(1- (&)= ke 2
n( 0¢ 2)
where: k — diffusion constant (min™).
e Intraparticule diffusion equation:
Q: =kVvt+C A3)
where: £ — intraparticular diffusion constant

(mg-g'-min’?), C — a constant.

According to the calculated correlation co-
efficients (Table 1), the pseudo-second order
model seems to be the best model to describe
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Figure 3. Effect of contact time on Cr(VI) fixation in sediments (C, — 1 mg/L; sediment dose — 1 g/L)
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the Cr(VI) adsorption kinetics in all cases. In
this model the adsorption rate is directly pro-
portional to the number of active sites of the
adsorbent. It suggests the existence of chemi-
sorption and assumes heterogeneity of binding
sites with constant adsorption energy, the in-
dependence of site coverage rate and no inter-
action between adsorbed molecules. The same
model has also well described the adsorption
of Cr(VI) on the kaolinite (Dim et al., 2021)
which is one of the constituents of the first Es-
souk sediment (S1) and the Hemimime sedi-
ment, on the schwertmannite (Li et al., 2021)
which is dominate in the case of the second
Essouk sediment (S2), and on calcite (Grana-
dos-Correa et al., 2013) which is the dominant
phase in the case of Hemimime sediment (S3).
The highest rate constant calculated by the
pseudo-second-order equation is obtained in
the case of the sediment dominated by schw-
ertmannite (K: 0.265 mg-g'-min'). This value
is about four times higher than that calculated
for the jarosite dominated sediment and two
times higher than that calculated for the calcite
dominated sediment. The diffusion models can
also describe the kinetics of Cr(VI) adsorp-
tion on the studied sediments. The correlation
coefficients calculated for these models are
greater than 0.9 (Table 1). In the cases of ja-
rosite predominance (S1) and calcite predomi-
nance (S3), Cr(VI) ions reach the sediment
surfaces faster than they can diffuse into the
adsorption sites. The corresponding kinetics
is best described by the intraparticle diffusion
model. Conversely, in the case of shewertman-
ite predominance (S2), Cr(VI) diffusion from
the solution appears to be slower than diffu-
sion to the adsorption sites. The kinetics is best
described by the film diffusion model. In this
model, the adsorbate passes through a layer of
liquid film during adsorption and moves from
this liquid phase to the final adsorption sites on
the adsorbent surface.

Equilibrium study

The experimental isotherms of Cr(VI) ad-
sorption on the first Essouk sediment with jarosite
predominance (S1) and on Hemimime sediment
with calcite predominance (S3) are of type S in
the concentrations range tested (1 to 5 mg/l),
showing that the adsorption is not limited by the
number of active sites. In the case of the second
Essouk sediment (S2) with schwertmannite pre-
dominance, the isotherm is of type L (Figure 4),
which occurs when the attractive forces between
the adsorbed molecules are weak.

The Langmuir, Freundlich and Henry iso-
therm models were tested to analyze the ex-
perimental equilibrium sorption data. Assuming
that Qe is the amount adsorbed at equilibrium
(mg/g) and Ce is the concentration at equilib-
rium (mg/L), the linear equations of the tested
models are as follows:

e Langmuir equation:

é - [(W) % é] * erllax @)

where: O~ — maximal adsorption capacity
(mg/g), K — Langmuir constant (L/mg).

e Freundlich equation:
LnQ, = LnK + (1/n) LnC, %)

where: K and n — are Freundlich constant and co-
efficient respectively.

e Henry equation:

Qe = che (6)
where: K . distribution coefficient.

According to the calculated correlation co-
efficients, the Henry model which describes a
linear dependence between adsorption capacity

Table 1. Kinetic parameters of Cr(VI) adsorption on sediments

Model Pseudo second order Intraparticle diffusion Film diffusion
S1 R?:0.996 R?:0.941 R?:0.916
K:0.058 K:0.016 K:0.006
S2 R2:0.999 R?:0.912 R?:0.959
K: 0.265 K:0.012 K: 0.008
s3 R2: 0.994 R2: 0.956 R%:0.929
K:0.135 K: 0.011 K:0.012
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Figure 4. Adsorption isotherms of Cr(VI) in sediments (sediment dose — 1 g/L; time — 24 hours)

Table 2. Correlation coefficients of the isotherm models

Model S1 S2 S3
Langmuir 0.965 0.957 0.986
Freundlich 0.985 0.947 0.783

Henry 0.733 0.758 0.510

and equilibrium concentration (Cao et al., 2021),
cannot describe Cr(VI) adsorption on the studied
sediments. The corresponding calculated corre-
lation coefficients are low (Table 2). In the case
of the Essouk sediments (S1 and S2), the Cr(VI)
adsorption isotherms can be well described by
both the Langmuir and Freundlich equations. The
corresponding calculated correlation coefficients
are higher than 0.9. The first model suggests a
monolayer adsorption with identical adsorption
sites that are energetically uniform. However, the
second model describes sorption on a heteroge-
neous surface and suggests that the binding sites
are not equivalent. Cr(VI) adsorption on Hemi-
mime sediment can only be described by the
Freundlich model. This model has also well de-
scribed the Cr(VI) adsorption on serpentine sedi-
ments (Mpouras et al., 2017) and on soils (Castro-
Rodriguez et al., 2015).

CONCLUSION

The results obtained in the present study show
that Cr(VI) adsorption on sediments is mainly
related to their composition. The predominance
of the jarosite and the presence of quartz, clays
and organic matter imply a low fixation capacity.
The presence of calcite relatively increases the

adsorption capacity of the sediments. The pre-
dominance of schwertmannite is responsible for
a significant retention of Cr(VI) in the sediments.
In this case, the diffusion of Cr(VI) to the adsorp-
tion sites is faster. In rivers where jarosite or cal-
cite predominate in the sediments, the mobility of
Cr(V]) is significant. Consequently, where these
two minerals predominate, more attention should
be paid to the containing Cr(VI) effluents, which
require extensive treatment.
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