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ABSTRACT

Speciation has been used to indicate the chemical forms of metals and to measure their
distribution in the sediment. Therefore, sequential extraction techniques were used to
distinguish between different physicochemical states of metals and give detailed information
on mobilization and their transportation. This work aimed to determine the total metals con-
centrations and their fractionation pattern (Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) in the sedi-
ment samples. Also, solidification/ stabilization processes were used to reduce the mobility
of metal contaminants by the addition of an agent that solidifies and then immobilizes the
metals. The data showed that metal fractionation is relatively stable under normal conditions
except for Cd, Zn, and Mn, which were distributed mainly in the mobile fraction for all sam-
ples of Talkha drain, Egypt, while, in Rahway drain, Egypt, all heavy metals were found in
the stable form bound to organic sulfide and residual fractions except for, Mn and Zn, which
distributed mainly in the unstable form. The data showed that 50% of cement kiln dust was
sufficient to reduce the mobility of metals by increasing their percentages in the stable forms.

Keywords: Sediment; Sequential extraction procedure; Stabilization; Cement kiln dust

1. Introduction

The environmental pollution due to developments
in technology is one of the most significant problems
in Egypt. Heavy metals are discharged into the envi-
ronment through numerous industrial activities. The
specific problem associated with heavy metals in the
environment is their accumulation in the food chain
and persistence in nature [1-4].

In the Nile delta region, there are several “hot
spots” of pollution. One of these is due to wastewater
discharged from Talkha nitrogen fertilizer factory into
Damietta Branch. Another example is the severely
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polluted El-Rahawy drain, which discharges its water
into the southern part of Rosetta Branch. This drain
contains raw wastewater from industrial, domestic,
and agricultural runoff collected from El-Giza district.

Sediments can act as both carriers and potential
sources of contaminants in an aquatic environment
[5-7]. Because the metals can be either adsorbed onto
sediments or accumulated by benthic organisms to
toxic levels, the bioavailability and subsequent toxicity
of the metals have become the major research topic
associated with sediments [8-10].

Consequently, identification of the geochemical
phases of metals and the strength of bonds [7] are
necessary to evaluate the availability and capacity of
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mobilization of heavy metals (i.e. the more mobile the
metal is, the more risk associated with it) in sediment
[11,12]. These kinds of studies have often gone into
more depth by the use of sequential extractions [3].

Different sequential extraction schemes have been
used by several authors [7,12-14] to provide informa-
tion about the mobility, availability, and the fractions
of metals in the different lattices of different types of
sediments, namely, lake, river, coastal estuarine, and
marine in comparison with the total metals content.

This study used the sequential extraction scheme of
Tessier et al. [15] which was modified by Elsokkery
and Miiller [16], where metal ions in sediments are par-
titioned between the different phases, i.e. exchangeable
(Fraction I), carbonates (Fraction II), iron and manga-
nese oxides (Fraction III), organic sulfide (Fraction 1V),
and residual (Fraction V). In addition, metal ions are
bounded with these solid phases by different
mechanisms like ion exchange, outer- and inner-sphere
surface complexation (adsorption), precipitation, or
co-precipitation.

Many methods are implemented worldwide to
remediate heavy metals in sediments, i.e. sequential
extraction, pretreatment, physical separation processes,
washing, thermal extraction, bioremediation, electro
kinetics, solidification/stabilization, and vitrification
[17]. The most important of which is Solidification/Sta-
bilization (S/S) treatment that involves mixing a bind-
ing reagent into the contaminated media or waste [18].
Successful treatment is accomplished through physical
changes in the waste form, and often, chemical
changes to the hazardous constituents themselves.

According to USEPA [19], stabilization refers to
techniques that chemically reduce the hazardous
potential of a waste by converting the contaminants
into less soluble forms, while solidification refers to
techniques that encapsulate the waste, forming a solid
material.

The objectives of this study are: (1) evaluating the
total metal content and the different chemical forms of
heavy metals in sediment, (2) investigating a suitable
method for heavy metals remediation in contaminated
sediment, and (3) evaluating the efficiency of stabiliza-
tion methods for heavy metals in the contaminated
sediments using sequential extraction procedure.

2. Materials and methods

Four samples (T1, T2, T3, and T4) were collected
from the different points along the drain of wastewa-
ter disposal from Talkha nitrogen fertilizer factory
which lies at 126km north of Cairo after Talkha
power station and finally discharges its water into
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Damietta branch. The locations of each sites according
to the point of discharge (source of pollution) are
shown in Fig. 1, where T1: in front of industrial dis-
charge of Talkha Fertilizer, T2: 5m downstream from
the drainage of Talkha Fertilizer factory, T3: 10km
downstream from the drainage of Talkha Fertilizer
factory, and T4: 15km downstream from the drainage
of Talkha Fertilizer factory. On the other hand, three
samples (R1, R2, and R3) from El-Rahawy drain,
which lies at 30 km north to Cairo at Al-Kanater and
discharges its water into the southern part of Rosetta
Branch, are shown in Fig. 2, where R1: at the begin-
ning of Rahway drain, R2: almost in the middle of
Rahway drain, and R3: at the end of Rahway drain.
Sediment samples were collected using an Eckman
sampling device.

Polyethylene scoops and cans used for sampling
and storage of sediment samples were cleaned by
rinsing with distilled water and kept in 0.1M HNO;
for several days before use. The collected samples
were dried in an oven at 105°C for 2days, ground in
an agate mortar. Finally, to normalize the variations in
grain size distributions, the dried sediment samples
were sieved to 0.2 mm.

All chemicals used were of analytical reagent
grade from Merck, Fluka, or Aldrich Company.
Freshly prepared daily-diluted solutions were pre-
pared using distilled water and all glassware and
plastic containers were washed with 15% nitric acid
solution and rinsed thoroughly with distilled water.
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Fig. 1. Sites of sediment samples from Talkha drain.
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Fig. 2. Sites of sediment samples from Rahawy drain.

2.1. Experimental procedure for metals speciation in
sediment

The metals speciation using sequential extraction
scheme and procedure proposed by Tessier et al. [15]
and modified by Elsokkery and Miiller [16] was used
to fractionate the metals into the following five opera-
tional steps:

Fraction I: Shaking one gram of dry sample with
8ml of 1M magnesium chloride-6 hydrate (MgCl,
6H,0) for 1h at room temperature.

Fraction II: Shaking the residual solid from fraction
I with 8ml of 1M sodium acetate anhydrous
(C;H3NaO,) and adjust pH to 5.0 using acetic acid
(99.83% C,H4O,) for 30 min at room temperature.

Fraction III: Shaking the residual solid from frac-
tion II with 20ml of 0.04 M Hydroxylamine hydrochlo-
ride (H3NO-HCI) in 25% acetic acid (99.83%
C,H40,)-(v/v) at 85°C in water bath for 5h.

Fraction IV: Shaking the residual solid from
fraction III with 5ml of hydrogen peroxide (30%
H,0,) at 85°C in a water bath for 2h. Adjust pH to 2
+0.2 using Nitric acid (0.02M HNOj). Add 3ml of
30% H,O, again and pH was monitored during the
experiments. Then, shake at 85°C in a water bath for
3h.

Fraction V: Finally, digesting the residual solid
from Fraction IV with a mixture of HNO3;, HF, HCIOy,,
and HCl in (4:1:1:1) ratio, respectively for 3h in a
water bath.

The extractions were centrifuged at 2000 rpm for
30min in each operational fraction step and the
supernatant was filtered through filter paper (What-
man No. 4). The residue was washed with 8ml of
distilled water, shaken for 30min, and centrifuged.
The washing solution was combined with the super-
natant of each step.

All the experiments were carried out in triplicate
and the mean of the quantitative results were used for
further calculations. The concentration of metals in all
samples were determined according to APHA [20]
using atomic absorption spectrometer (Varian Spec-
trAA (220)).

In order to minimize errors and control the good
reliability of the speciation procedure, the percentages
of the extracted metal were calculated in relation to
the sum of metal fractions, Furthermore, there is rela-
tively good agreement within 10% between the sum
of the metal fractions and the total analysis. This is in
agreement with Tack and Verlo [21].

The percentage of leaching metals for dry samples
was calculated as mentioned elsewhere [22,23] as
following;:

Percentage of leaching metals = (V/DI) x 100 (1)

where D: 1g dry solids sediment; Vy final volume
after dilution to 25ml; F: concentration of metal in fil-
trate mg/L; and I: concentration of metal in initial dry
solid sample mg/kg.
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2.2. Experimental procedure for metal remediation in
sediment

The processing for solidification and stabilization
method involved the following steps:

(1) The contaminated sediment samples (T1 and
R2) and cement kiln dust which was obtained
locally from a cement plant (National Cement
Company) were dried in an oven at 105°C for
24 h, ground, and sieved to 0.2 mm.

(2) Mixing the sediment samples with cement kiln
dust manually in proportion of 50% (dry
weight basis) by adding few drops of distilled
water to facilitate curing using a bowl and a
rubber spatula.

(3) Drying the cured samples in an oven at 105°C
for 24h and then ground to pass through
0.2mm sieve.

Select sequential extraction procedure to identify
the changes associated with metal speciation and the
transformations in the chemical forms of heavy metals
in stabilized sediment samples [24,25].

3. Results and discussion
3.1. Total metal concentrations

Table 1 represents the average of total metal concen-
trations and pH of sediment samples from Talkha and
Rahawy drains. For Talkha drain, the pH of sediment
samples ranged from 7.7 to 9.4 and from 6.8 to 8.0 for
Rahawy drain. The neutral pH of the sediment samples
collected from the different sampling sites indicated
that there is no source of pollution which affects the
sediment mineralogy. However, the low and high pH
affect sediment mineralogy and also, many biological
processes, such as reproduction, cannot function [11].

Table 1
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Also, the highest total metal concentrations of Tal-
kha drain were observed at T1 site and decreased its
downstream. The results showed that Talkha drain
sediments are enriched with cadmium, copper, iron,
manganese, and zinc. In addition, by comparing the
total metals concentration at the different sites from
Rahawy drain, the results show that sediment at R2
site is relatively enriched with copper (100mg/kg),
iron (23,0560mg/kg), nickel (240mg/kg), and zinc
(440 mg/kg).

3.2. Metal speciation

The speciation of metals for different sites along
the Talkha drain sediment (T1, T2, T3, and T4) is
shown in Table 2. The results showed that Cd, Zn, and
Mn mostly occur in the first two fractions (Exchange-
able and Carbonate). For Cd, the sum of these fractions
were 59.42, 80.01, 50.6, and 30.79% for T1, T2, T3, and
T4, respectively, those for Zn were 29.77, 62.04, 22.09,
and 15.79 for T1, T2, T3, and T4, respectively, and
those for Mn were 38.51, 78.25, 36.89, and 58.1%,
respectively. Therefore, Cd, Zn, and Mn can be
exchanged easily which means that Talkha drain was
exposed to pollution risks from Cd, Zn, and Mn. Over-
all, the speciation of these metals in the sediments
from the four sites exhibited high bioavailability and
consequently, these metals posed a high ecological
risk. This conclusion is consistent with literature data,
which reported that the unstable metal forms are the
most important cause of metal contamination in the
discharge of industrial wastewater [4,26,27].

Table 3 represents the percentages of metal con-
centrations at each extraction step in the sediment
samples at different sites of Rahawy drain (R1, R2,
and R3). For the sediment samples from sites R1 and
R3, the results show that all metals (except Mn) were

Total metal concentrations and pH in sediment samples of Talkha and Rahawy drains

Sample site  pH  Total metals concentration (mg/kg)

Cd Cu Cr Fe Pb Mn Ni Z/n
Talkha T1 90 236+18 229+13.5 36+1.33 31,250+2,500 24+1.26 3,675+45.0 28+2.5 2,888 +262
T2 94 216+9.3 62+2.8 42 +0.50 31,590 + 1907 13+2.4 2,346 +80.0 29+15 2,250 +191
T3 9.1 40+1.16 62+2.0 34+2.1 18,750+1,573 9+1.0 1,151+475 33+25 1,090 +20
T4 7.7 11+0.5 37+1.3 245+2.6 12,520+ 368 5.5+0.28 1,132+45.7 30+1.7 706 +20.0
Rahawy R1 69 237+0.03 63+1.8 53+2.0 54,620+2,290 11.3+0.76 494+4.8 79+18 111+13.0
R2 80 3.8+0.45 100+ 3.4 42 +6.7 23,050 +902 60=+5.0 389 +37 240+18 440+18
R3 6.8 237+0.08 60+2.6 51+2.1 51,370+2,133 11+1.3 500 +28 78+7.3 105+2

Note: Data are represented as means of triplicate samples + standard deviation.
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mainly associated with the residual fraction that can
be considered as the environmentally safest compo-
nent. The high metal concentrations in the residual
may indicate that these metals are immobile. This
finding is confirmed by some authors [28-30] who
reported that the residual fraction is an important car-
rier for heavy metals in sediments.

Speciation studies showed that Mn was found pri-
marily in the first three fractions for all samples of
Rahawy drain. The sum of these fractions was 58.05,
66.76, and 57.35%, for R1, R2, and R3, respectively.
This indicates that Mn is in an available form for the
environment, which means that Rahawy drain has Mn
pollution risk that mostly resulted from anthropogenic

Table 4
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activities (industrial and agricultural activities) as
mentioned elsewhere [27].

Furthermore, speciation studies of Zn showed that
high percentage of Zn (55.91%) was found in the first
three fractions of site R2. This indicates that Zn is pres-
ent in an unstable form therefore, it can be exchanged
easily and the most important cause of the Zn contam-
ination is the industrial wastes. On the other hand, Zn
is found mainly in residual, organic, and sulfide frac-
tions of site R1 (86.8%) and R3 (87.23%). This is consis-
tent with other reported findings [31].

For site R2, total concentration of Ni is
23991 mg/kg. From the speciation studies, the per-
cent distribution of Ni fractions was found primarily

Percentage of metals speciation in solidified /stabilized (5/S) sediments of Talkha (T1) and Rahawy (R2) using 50% of

cement kiln dust

Heavy metals Sample Exchangeable % Carbonate % Fe/Mn-oxide % Organic-sulfide % Residual %
Cd T1 12.7 46.71 24.47 11.64 447
S/ST1 9.6 19.48 62.04 1.70 7.19
R2 11.5 20.72 10.48 11.82 45.45
S/SR2 0.0 0,0 46.32 5.89 48.42
Cu T1 4.6 6.64 4.65 24.56 59.56
S/ST1 14 4.96 3.76 22.16 67.76
R2 3.51 5.43 4.54 54.25 32.34
S/SR2 1.64 3.92 5.98 24.87 63.59
Cr T1 0.0 1.29 39.25 24.14 35.33
S/ST1 0.0 1.6 40.33 19.3 38.8
R2 0.0 3.5 7.28 20.43 68.79
S/SR2 0.0 4.2 9.26 19.54 67.00
Fe T1 0.78 0.7 1.21 2.02 95.29
S/ST1 0.58 0.64 2.36 1.54 94.88
R2 0.15 0.16 11.99 15.02 72.67
S/SR2 0.17 0.27 13.44 12.38 73.64
Pb T1 3.7 3.7 22.61 3.32 66.68
S/ST1 0.9 2.11 25.6 1.67 69.72
R2 3.58 7.76 22.4 50.48 16.31
S/SR2 143 9.48 44.46 20.88 23.75
Mn T1 2.94 35.57 34.99 16.83 9.67
S/ST1 1.00 11.85 62.87 3.09 31.19
R2 12.54 24.09 30.15 9.55 23.71
S/SR2 2.87 8.75 40.19 7.28 40.91
Ni T1 0.41 29.36 23.84 19.64 26.75
S/ST1 0.39 6.80 60.38 6.32 26.11
R2 9.38 14.05 3248 23.56 20.54
S/SR2 1.32 9.74 40.84 16.03 32.08
Zn T1 0.0 2.29 6.24 34.62 56.85
S/ST1 0.0 0.0 9.16 20.81 70.02
R2 6.53 3.10 9.00 12.00 69.38
S/SR2 0.0 0.0 11.73 12.94 75.29

T1: the sample of T1 before mixing with 50% of cement kiln dust, R2: the sample of R2 before mixing with 50% of cement kiln dust, S/
ST1: stabilized sample of T1 with 50% of cement kiln dust, S/SR2: stabilized sample of R2 with 50% of cement kiln dust.
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in the last two fractions (81.38%) and only 6.53% of
the 238.91mg/kg is found in an exchangeable form.
Although there is a high value of total Ni concentra-
tion, the speciation studies revealed that there is low
pollution risk. This finding is confirmed by several
authors [32-35] who mentioned that the availability
of metals is closely related to their chemical forms
rather than the total concentration i.e. the high total
concentrations of heavy metals in sediments may not
necessarily indicate anthropogenic contaminations. In
addition, the natural occurrence and chemical
speciation of metals can complicate the evaluation of
potentially polluted aquatic sediment.

3.3. Metal stabilization

At present, there is an urgent importance to find a
simple and inexpensive method for the stabilization of
heavy metals in sediment samples. Where, there is no
consensus between the results obtained through the
application of cement or cement kiln dust, the last was
chosen for the subsequent studies because it has high
cementation properties and is economically cheap [36-
38]. From previous studies, it was found that a ratio of
50% of cement kiln dust is efficient to stabilize metals
in contaminant sediment [38]. Table 4 represents the
results of metals speciation for T1 and R2 before and
after stabilization with 50% of cement kiln dust as sta-
bilizer material. The data show that the sum of the per-
centages for the immobilized forms of metals in the
stabilized sample of Talkha (T1) was 70.93% of Cd,
93.68% of Cu, 98.43% of Cr, 98.78% of Fe, 96.99% of
Pb, 97.15% of Mn, 100% of Ni, and 93.29% of Zn.
Therefore, the order of preferential metals for stabiliza-
tion by 50% of cement kiln dust was found to be:
Cd <Cu<Zn<pb<Mn<Fe<Ni.

Furthermore, the sum of the percentages for the
immobilized forms of metals in stabilized sample of
Rahawy (R2) was 100% of Cd, 95.8% of Cu, 95.8% of
Cr, 99.46% of Fe, 89.09% of Pb, 88.38% of Mn, 100% of
Ni, and 88.95% of Zn. The preferential order of metals
for stabilization by 50% of cement kiln dust was
found to be: Mn ~ Zn < pb <Cu <Fe <Cd =Ni.

The results demonstrated a very good immobiliza-
tion of metals in sediment samples. The fixing degree
of contaminant metals by mixing with a ratio of 50% of
cement kiln dust is very efficient. The percentages of
Fe-Mn oxide and residual forms increased for all met-
als, except for Cr and Fe. Our results are in agreement
with those reported by several authors [39-41]. Accord-
ingly, it appears that cement kiln dust may hold
promise for commercial S/S treatment pending more
comprehensive  evaluations  with  contaminated
sediments. This would allow for the development of
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potentially more cost-effective S/S approaches, while,
at the same time, increasing the beneficial use of
cement kiln dust.

4. Conclusions

Since the mobility of heavy metals is closely
related to their chemical form rather than to the total
metal concentration, it is important to relate the
degree of mobility with risks assessment. Therefore,
metal speciation in sediments can indicate potential
harm to the environment. Sequential extraction
scheme provides valuable information on the mobility
of metals in sediment and helps in the prediction of
their behavior, where the mobility of metals decrease
in the order of extracted fractions from readily
exchangeable to residual. All heavy metals at the dif-
ferent sites of Talkha drain are relatively stable under
normal conditions, except for Cd, Zn, and Mn, which
are distributed mainly in the unstable forms. There-
fore, they can be exchanged easily which means that
Talkha drain has Cd, Zn, and Mn pollution risk. In
addition, all heavy metals at the different sites of
Rahawy drain are relatively stable under normal con-
ditions except for Mn and Zn which are distributed
mainly in the unstable form. This means that Rahawy
drain has Mn and Zn pollution risk and mostly
resulted from anthropogenic activities. Finally, cement
kiln dust is uniquely suited for use as a stabilizer
material for metal contamination in sediments, where
it reduces the mobility of metals by increasing the per-
centages of metal forms in the Fe/Mn-oxide and
residual fractions.
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