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In this article, an innovative process that uses membranes to purify marine sediments contaminated with
heavy metals is presented. The proposed process is composed of a centrifugation step, performed with
a hydrocyclone, followed by a batch membrane step. The initial separation of sand from the raw stream
appears to be very efficient and is important to avoid plugging the membrane separation step. The remaining
stream, called silt, is then processed by a batch membrane separation step, capable of separating organic and
inorganic pollutants from the purified water. Pilot tests were carried out to estimate membrane performance,
including the maximum recovery value achievable, typical rejection values, the permeate and critical fluxes.
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1. Introduction

In the past, marine coasts have been severely polluted with many types of industrial contaminants,
leading to a severe environmental emergency. The most common pollutants are heavy metals,
widely known to be toxic to human and aquatic life. The presence of these pollutants is likely to
persist for a long time because soil-adsorbed metals are washed into rivers, lakes or other aquifers
such as the groundwater, where they accumulate and reach concentrations toxic to animals, plants
and humans. Therefore, research efforts have been aimed at developing technologies for the
purification of metal-contaminated soils and sediments [1].

This type of contamination is mainly encountered in marine sediments, deposited by gravity in
a thin, superficial layer. This layer can be easily dredged from the sea using pumping systems and
treated successfully [2]. Mechanically dredged marine sediments typically have a solid content
comparable with that of in situ sediments, up to 50% by weight for most fine-grained sediments. By
contrast, hydraulically dredged marine sediments are characterised by a smaller amount of solids,
typically in the range of 10–20% by weight [3]. Therefore, both streams are composed mainly of
contaminated seawater, which needs to be purified of all the pollutants originating in the sediments.

Several methods have been proposed for the remediation of heavy metal-contaminated soils.
These methods are based on two principles: (1) immobilisation of the metal, by increasing its
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retention in the soil or decreasing its rate of mass transfer; or (2) removal of metals from the soil
matrix [4].

In the case of soil or marine sediments, previous studies have demonstrated that heavy metals
(and other pollutants) mostly adsorb onto the fine fractions of solid matrices [5–7]. Therefore,
separation of the fines from the coarse fraction of the soil and water is normally sufficient for
proper purification. The main challenge is to separate purified seawater from contaminated fine
sediments at the end of the process. This final step can be performed by ultrafiltration membranes.

Fouling of the membranes is one of the main challenges in the recent widespread application of
membrane technology. Fouling decreases productivity and shortens membrane life. Critical flux
determination seems to be the best method to identify process conditions that minimising fouling.
At the critical flux point, the forces of drag on particles depositing on the membrane surface are
equal to the dispersive forces, leading to a quasi-stationary layer. Under these conditions, only
reversible fouling, which can be periodically soft-cleaned, takes place.

Field et al. [8] introduced the concept of critical flux with respect to microfiltration (MF), stating
that it is the maximum permeate flux below which fouling is not observed. It was immediately
clear that the new concept is an effective criterion for the optimisation of a membrane separation
operation. Critical flux has also been defined for ultrafiltration (UF) and later for nanofiltration
(NF) operations [9].

Currently, critical flux values cannot be predicted theoretically, but may only be evaluated
experimentally or extrapolated from permeate flux–time data. Critical flux depends on, among
other factors, hydrodynamics and the nature of the feed stream [10]. Similar hydrodynamic con-
ditions may be attained at different scales if the same mean velocity over the membrane surface
is applied.

Feedstock quality is a crucial parameter in respect to critical flux changes: this is particularly
true for batch processes, which are characterised by a change in the pollutant concentration due
to differences in batch concentrations. The chemical composition of both solvent and solute
in the bulk are correlated to the solution phase change profiles, which are very important in
understanding fouling issues [11]. Moreover, Sethi and Wiesner [12] noticed that the performance
of UF membranes was strictly correlated to the particle size of the solutes in the solution. A study
on critical flux changes was performed by introducing uniform polystyrene particles of known
size, from 0.1 to 10 μm [13]. The observed trend, that is a minimum critical flux value for 0.2 μm
particles, was explained theoretically by Harmant and Aimar using the coupling of different
mechanisms between critical flux, surface interactions and diffusion [14].

Copper is one of most frequent contaminants in Italian marine sediments and was therefore
taken as key contaminant during this research. In this study, a purification treatment process was
developed to decontaminate different marine sediments of heavy metals, especially copper. The
proposed process involved a preliminary size-based separation by centrifugation and a subse-
quent batch membrane separation process. The first step is performed using a high-performance
hydrocyclone to separate the finest possible sediment grains by this technique. It should be pos-
sible to discharge the separated fraction, poor of contaminants, safely and inexpensively into the
municipal sewer system. By contrast, the outgoing slurry is sent to a batch membrane operation
step, where large quatities of purified seawater, which could be discharged back into the sea, are
finally produced. The final fraction, i.e. the volume-reduced concentrate rich in fine sedimets and
metal ions, needs to be disposed of.

To be economically feasibile, the process should avoid disposal and as far as possible produce
outlet streams that are in compliance with the municipal sewer system and/or direct discharge
limit.

The objective of this study was to carry out experiments on typical contaminated sediments
in order to check whether the developed process is capable of producing high quatities of outlet
streams compatible with a safe and cheap discharge.
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Figure 1. Scheme and dimensions of the adopted hydrocyclone.

2. Materials and methods

Artificial sediment mixtures were used for the experiments. Concerning the hydrocyclone separa-
tion step (Figure 1), different feedstocks were prepared to simulate sediments different in terms of
both total solids concentration (TSC) and composition. Different amounts of sand and fines were
mixed: the sand, defined as the fraction having particles >0.63 μm, was collected from the Italian
coast near Rome, whereas the fines were supplied by the CWR (Pero, Italy) in the form of clay
[8]. The obtained solid mixtures were analysed by sieving. The data for the adopted feedstock are
reported in Tables 1 and 2.

The sediment was artificially polluted with copper chloride. The contamination was carried out
so as to obtain a concentration higher than the Italian regulation limit for copper at an industrial
site, which is 600 mg Cu per kg of soil.

The sediment was spiked by mixing for 48 h at 120 rpm in a Hobart-type mixer together with a
saturated aqueous solution of dihydrate copper chloride. After mixing, the sediment was air dried
by exposure to ambient air for 90 days before metal analysis. Six 1 g samples of sediment were
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Table 1. Sieving analysis results for the solid fractions used.

Material >500 μm 500–63 μm 63–45 μm <45 μm

Sand 42.5% 49.1% 8.4% –
Clay – – 3.6% 96.3%

Table 2. Characteristics of the feedstock.

Name Sand (%) Clay (%) TSC (g·L−1)

FSA1 100 0 4.2
FSA2 100 0 12.6
FSA3 100 0 21.1
FSA4 100 0 50.7
FSB1 80 20 10.0
FSB2 80 20 50.0
FSB3 80 20 150.0
FSB4 80 20 250.0
FSC1 70 30 10.0
FSC2 70 30 50.0
FSC3 70 30 150.0
FSC4 70 30 250.0
FSD1 20 80 5.0
FSD2 20 80 20.0
FSD3 20 80 40.0
FSD4 20 80 70.0

then processed by acid digestion according to the EPA3050B method: the leachate was analysed
with a Philips PU9200 atomic absorption spectrophotometer to determine total metal content,
after filtration through a Whatman membrane filter (0.45 μm).

The average Cu concentration was ∼900 mg·kg−1 with a standard deviation of ±78 mg. Table 3
summarises the typical values and legal limits in Italy for reference purposes.

Table 3. Limits of Italian legislation for soil contamination.

Maximum allowed heavy
metal concentrations

(mg·L−1)

Emission to aquifers 0.1
Emission to sewer systems 0.4
Potable water 0.02

Pressure

Feedstock

Magnetic stirrer

Permeate

Membrane

Membrane holder

Figure 2. Schematic diagram of the membrane cells.
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Table 4. Characteristics of the adopted membranes.

P Pore size W Flux
Name (Pa × 106) (nm) (L·hm−2·bar−1)

MW 2.1 15.0 >600
EW 3.4 6.0 525
JW 3.4 5.0 400
GE 20.7 0.1 5

Membrane cells, supplied by Berghof, Germany (Figure 2), were used to analyse the perfor-
mance of four different ultrafiltration membranes, all supplied by Osmonics. The characteristics
of the different membranes, such as operating pressure, corresponding water permeability and
typical pore size, are given in Table 4. The permeates were analysed for copper concentrations
using flame spectroscopy (Philips PU9200 FLAAS). All the analyses were performed three times
and the standard deviation calculated in each test was in the range between 0.6 and ∼3.5%.
Permeate fluxes were determined by weighing.

3. Results and discussion

Table 5 reports all the results obtained using the hydrocyclone on the different feedstock: �TSC
is the percentage reduction in mass in the clarified solution compared with the initial TSC value,
whereas the cut-off size is equal to the size of the largest particle found in the clarified solution
with at least 15% wt. compared with the initial solution.

As expected, the reduction in suspended solids in the stream achieved by the hydrocyclone
depended mainly on the percentage fines content of the feedstock. An increase in fines reduced
the performance of the hydrocyclone. This can be justified by the cut-off value of the adopted
hydrocyclone, which appears to be 45 μm, and the high quantity of particles below this value
contained in the clay.

A quick analysis of various samples of the coarse particles separated by the hydrocyclone
demonstrates that only very small to immeasurable amounts of copper were separated, well
below the potable water common standards. Moreover, heavy metals, depending on the pH value,

Table 5. Results of the hydrocyclone experiments.

Flow rate �TSC Cut-off size
Name (L·h−1) (%) (μm)

FSA1 0.37 99.7 63
FSA2 0.37 99.9 45
FSA3 0.36 99.9 45
FSA4 0.36 99.8 45
FSB1 0.34 100.0 –
FSB2 0.33 89.7 –
FSB3 0.32 97.5 –
FSB4 0.30 95.8 –
FSC1 0.37 95.6 –
FSC2 0.36 80.8 –
FSC3 0.32 88.1 –
FSC4 0.31 92.2 –
FSD1 0.36 82.9 –
FSD2 0.35 55.7 –
FSD3 0.34 59.4 –
FSD4 0.34 51.1 –
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solubilise in water at a maximum of 10 mg·L−1 (in the case of copper this is 5 mg·L−1): because
the maximum amount of seawater in the downstream is 4%, the maximum concentration of heavy
metals is 0.4 mg·L−1. Therefore, it appears that the coarse sediment recovered using this method
could safely be sent into the sewer system as long as the water content remains below 4%, which
maintains a heavy metal concentration that is in accordance with Italian Environment Regulation
Limits [15]. Safe and legal discharge into the sewer system reduces the costs of cleaning up the
environment.

However, the upstream has a heavy metal concentration well above legal limits, with heavy
metals adsorbed onto fines and solubilised in seawater. Membrane treatment is therefore nec-
essary to clean the permeate from fines and solubilised heavy metals. To meet cost-efficiency
requirements, a highly permeable membrane should be chosen which is good enough to meet the
legal requirements for sewer discharge.

The feedstock for these tests was the upstream of FSD3, which is the most representative
feedstock in Italy. As a consequence, the initial TSC value is 16.24 g·L−1. The results of the
membrane tests in terms of permeability (permeate flux Jp) and copper concentration of the
permeate (cP,CU) are reported in Table 6, as a function of the recovery factor Y and operating
pressure P .

As expected, tabulated values of pure water flux were not obtained in the real case experiments,
becaused the fines led to heavy fouling on the membranes. Increased fouling on the membranes
reduces the longevity of the modules and, as a consequence, dramatically increases the costs. The
advantage of fouling is that the additional layer on the membrane may lead to greater rejection
values. At first glance, although the MW membrane appears to have the best permeability and
selectivity in the tests, this is caused by excessive fouling. By contrast, the GE membranes appear to
be too tight, with permeability values below measurable limits: the productivity of this membrane
appears to be too low for this treatment process.

One method to evaluate fouling issues is to determine the decrease in the permeate flux rate
over time [16]. The data points can be fitted using a logarithmic equation, such as:

Jp(Y ) = (m T MP − Jc) e−BY + Jc, (1)

where m is the permeability, TMP is the transmembrane pressure, B is the fouling factor and Jc

is the critical flux. Because the critical flux value was not measured, a best fit was performed on
parameters m, B and Jc, using the hypothesis of osmotic pressure = 0 (which applies on almost
every ultrafiltration system), a constant critical flux (valid due to the short operation time of the

Table 6. Results obtained by membrane experiments.

Jp cP,CU

Membrane Y (%) P (bar) (L·hm−2·bar−1) (mg·L−1)

MW 33 2.1 71.43 0.037
MW 66 2.1 34.95 >0.035
MW 99 2.1 26.00 >0.035
EW 33 3.4 27.88 0.283
EW 66 3.4 20.76 0.100
EW 99 3.4 15.12 0.107
JW 33 3.4 21.18 0.077
JW 66 3.4 15.35 0.070
JW 99 3.4 13.05 0.097
GE 33 8 <2 <0.001
GE 66 8 <2 <0.001
GE 99 8 <2 <0.001
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Chemistry and Ecology 177

Table 7. Estimated critical flux and fouling factor values.

Membrane m B Jc (L·hm−2·bar−1)

MW 60.0 0.023 15.0
EW 18.0 0.010 2.0
JW 14.0 0.015 8.0
GE – – –

experiments), a constant value of m and the following constraint:

Jc ≤ Jp(Y = 99%), (2)

The results of the fitting (R2 > 0.99) are reported in Table 7.
A lower value of B corresponds to reduced fouling formation: in the examined case, it appears

that the EW-type membrane suffered the least fouling. However, the critical flux of this membrane
looks very low. This may be justified by the different membrane materials compared with the JW
and MW membranes, which may interact more strongly with the suspended solids.

Because it is advisable to operate membrane processes below the critical flux, the MW mem-
brane appears to be the best choice even though it is more prone to fouling in supercritical
conditions due to the higher B value. In the subcritical condition, little fouling formation is
achieved (as consequence of very low B values). This result was expected, because the particle
size of the fines is much higher than the pore size of the membranes, above a ratio 1 : 10, and thus
not capable of promoting fouling [17]. However, special care is needed and a optimised operation
mode for the batch is strictly required [18].

At optimised operation, only 13.3% of the required EW membrane surface is needed compared
with the MW membrane to obtain the same permeate fluxes, which corresponds to a reduction
of 85% in membrane costs. Moreover, this membrane is preferred in respect to the selectivity. In
Table 8, the final concentrations of copper in the permeate tank (cP,CU FINAL) are reported.

The MW membrane ensured a total permeate stream quality well below Italian Environ-
ment Regulation Limits, permitting direct discharge to aquifers in the case of more heavy
metal-concentrated streams also [15].

The purification of the seawater can be justified by the adsorption of the fines depositing
on the membrane surface during the operation more than by the very limited capability of a
loose ultrafiltration membrane to separate metal ions such as MW, EW or JW. In fact, the fines
separated by the membrane quickly form a loose cake on the surface, and thus a secondary filtering
layer capable of capturing additional dissolved metal ions from passing seawater. Because the
thickness of this cake depends on the operating conditions and especially on the permeate flux,
the MW membrane gave the maximum fines layer thickness of the analysed membranes, and thus
the greatest dissolved metal ion rejection value. Only the GE membrane, with pore dimensions
similar to those of a loose nanofiltration membrane, was capable of physically rejecting the copper
ions, thus eliminating the dissolved metal ions with great efficiency, but with very small permeate
fluxes.

Table 8. Final copper concentrations in the permeate tank
at Y = 99%.

Membrane cP,CU FINAL (mg·L−1)

MW 0.026
EW 0.163
JW 0.081
GE <0.001
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SEA

SEA SEDIMENTS

HEAVY METALS

HYDROCYCLONE

MW MEMBRANE

DISPOSAL

SEWER 
SYSTEM

UPSTREAM
W = 96%
C = 41.66 g/L

DOWNSTREAM
W = 4%
C = 0.40 mg/L

CONCENTRATE
W = 1%
C = 3.99 kg/L

PERMEATE
W = 95%
C = 0.03 mg/L

RECYCLING IF NEEDED

W = 100%

C = 40.00 g/L

Figure 3. Proposed process for treatment of marine sediment.

Therefore, the fines depositing on the membranes functionalise the membrane surfaces with
an additional dissolved metal ion-adsorption layer, which permits concentration targets to be met
without sacrificing high permeate fluxes.

Finally, a scheme of the proposed process is reported in Figure 3. After the hydrocyclone,
the downstream is treated using a MW membrane. The concentrate containing the polluted fines
must be disposed of. The permeate is sent back to the sea or can be legally used as dilution
medium because it comprised of a recycled stream from purified waste water. This recycling
allows adjustment, if needed, of the heavy metal content of the downstream in order to permit
safe sewer discharge; this depends mainly on the heavy metal dissolved in the starting feed stream
and the fraction of seawater contained in the downstream.

In Figure 3, for all streams, typical values of the water flow rate (expressed as percentage of
the starting volume, ‘W’) and copper concentration (expressed as copper concentration, ‘C’) are
reported. At the end, only 0.046 mg of the initial quantity of copper per litre of feedstock, equal
to 40 g, is not separated by the process and escapes into the sewer system or is returned to the sea.

4. Conclusions

Heavy metals mostly adsorb onto fine solids and/or solubilised in water. Purifying marine sed-
iments consists of separating fines and solubilised metal ions from coarse solids and water. The
proposed purification process developed here consisted of a hydrocyclone and a batch membrane
process. The first step separated water and fines from coarse solids, whereas the second step
separated clean water from the contaminated fraction. The latter can be achieved at subcritical
operating conditions by selecting a membrane with a proper pore size. Using this method, it is
possible to recover 95% of the polluted seawater.
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