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Abstract: This work provides a comprehensive study of a density separation treatment
through sucrose solution for the removal of microplastics (MPs) from marine sediments.
The theoretical determination of flotation velocities for 1.0 mm diameter spherical MPs
with a density of 1.3 g/cm3 at various solution temperatures and sucrose contents was
performed. An optimal velocity of 1.03 m/h was observed with a 70% sucrose solution at
50 ◦C. The validation of theoretical velocities was carried out through experimental tests at
optimal operating conditions for polypropylene (PP), high-density polyethylene (HDPE),
polylactic acid (PLA), and polyvinyl chloride (PVC) as target MPs. The results showed an
experimental floating velocity slightly lower than the theoretical predictions for PP, HDPE,
and PLA. PVC, instead, characterized by a higher density than the separation solution,
showed a settling velocity 42% lower than the theoretical one. Further tests were performed
to assess the solid-to-liquid (S/L) ratio effect on MPs’ separation efficiency. The results
showed an optimal S/L of 75 kg/m3 with 80% PVC removal and total PP, HDPE, and PLA
removal. Finally, the design and cost optimization of a longitudinal settling tank were
proposed for the pilot/real-scale treatment. The observed outcomes provided in-depth
details useful for the development of an environmentally sustainable treatment for the
preservation of marine areas.

Keywords: sucrose; density separation; marine sediments; microplastics

1. Introduction
The production of plastic materials has been characterized by a continuously increasing

rate over the years, with data highlighting a significant growth in worldwide manufacturing
from 2 to 5 million tons in the 1950s up to 368 million tons in recent times [1,2]. Considering
several of their characteristics (such as chemical resistance, durability, proper malleability,
etc.), plastics are widely used in the manufacturing of several common consumer goods
and products (such as utensils, packaging, etc.) [3,4]. However, the disposal of plastic
materials leads to the formation of wastes that are susceptible to deterioration by natural
factors, which then results in releasing fragments in the environment through wind or
surface water run off [5,6].

Plastic particles with a size lower than 5 mm are defined as microplastics (MPs). In
particular, the ones deriving from the deterioration of greater-size plastics are classified as
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secondary MPs. On the contrary, primary MPs are directly manufactured at microscopic
sizes and commonly found in cosmetics, cleaning products, etc. [1,7].

Among environmental compartments, marine–coastal areas are particularly affected
by this form of contamination. This is especially related to the extent of anthropic activities’
diffusion close to marine areas (e.g., recreational, harbor, fishing, etc.). Moreover, a further
significant contribution of MPs to the marine environment can also be represented by inland
sources and particularly from urban regions [8]. Based on this material persistence in the
environment and slow degradability, the presence of plastic particles can be detrimental
for marine ecosystems since they can be ingested by aquatic species, consequently biomag-
nifying trophic levels [9]. MPs can generally cause severe problems in the digestive system,
reproduction, and growth of these species, but they can also act as an adsorbent material
and become a carrier for other pollutants (e.g., heavy metals, organochlorines, etc.) [10].
Based on their typology and density, MPs can also float on the surface of water or sink
from the water column, consequently accumulating in marine sediments, providing further
contamination pathways of the marine environment [11,12]. In general, many studies have
reported that the contamination of sediments by microplastics can reach values even greater
than 3000 items per kg of dewatered sediment [13,14]. In particular, Jiang et al. (2022) [15]
found that MPs’ contamination in the sediments of the Beibu Gulf (China) is in the range of
5014 and 8714 items/kg.

According to this, proper monitoring activities of marine areas and matrices are crucial
for the preservation of environmental quality status and biota, as well as the safeguarding
of human health, which could be directly or indirectly exposed to serious threat by the
spread of MP pollution. An interesting aspect in this context has been represented by
the challenging identification of MPs mixed in marine sediments. Many researchers have
carried out studies focused on efficient methodologies to separate MPs from the solid
marine matrix to provide a useful means for their monitoring in the environment. For
instance, among less-investigated strategies, electrostatic separation showed itself to be an
efficient technique to collect MP particles of different sizes and densities from environmental
matrices [16]. Moreover, a method involving the aqueous alkaline depolymerization of
polyethylene terephthalate (PET) and subsequent determination through the HPLC of the
formed terephthalic acid (TPA) has been investigated for PET micro- and nanoparticles’
determination in marine sediments [17].

Nonetheless, taking into account the potential high costs of the previous approaches,
the most commonly used strategy is MPs’ collection through density separation [18]. This
separation method is carried out by introducing MP-contaminated sediments in a dense
solution made by mixing water and a selected salt. Since MPs have a lower density than
sediments, they can be separated through flotation based on the comparison of densities
between the separation solution involved and the plastic particles. Different salts involved
in the preparation of aqueous solutions were tested in the literature and some examples are
provided by investigations involving NaCl, NaI, ZnCl2, CaCl2, or Na2WO4·2H2O [19–22].
Different studies also aimed to design efficient units to enhance MPs’ density separation.
For instance, Imhof et al. reported very high separation efficiencies with ZnCl2 solution
for both large (1–5 mm) and small (<1 mm) MP particles through the devising of the
Munich Plastic Sediment Separator [23]. Also, a mean MP removal efficiency of almost 96%
was observed through density separation with ZnCl2 solution in a custom-made portable
system named the Sediment–Microplastic Isolation (SMI) unit [20]. Furthermore, the use of
NaCl and sucrose mix within aqueous solutions was also suggested in order to provide a
more environmentally sustainable alternative for MPs’ density separation [18].

Despite the several reported studies, the focus of the investigated separation methods
was mainly oriented to define a proper analytical approach useful to monitor both MPs’
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content and availability within marine sediments. On the contrary, the implementation of a
MPs separation method towards a remediation purpose of marine sediment is still lacking
in the literature. In this case, an in-depth optimization study would be required for the
identification of suitable conditions such as process temperature and salt concentration,
respectively, affecting the viscosity and density of the aqueous separation solution.

With this aim, this study focused on an experimental procedure carried out to optimize
a MPs’ density separation process with sucrose solution for sediments’ remediation. The
lab-scale experiments were carried out on silica sand artificially contaminated by polypropy-
lene (PP), high-density polyethylene (HDPE), polylactic acid (PLA), and polyvinyl chloride
(PVC). In the first phase, a theoretical formula was used to identify optimal operating
conditions, such as sucrose percentage in solution and temperature. Moreover, the floating
velocity of theoretical MPs was also determined and compared with the experimentally
measured floating velocity. In the following lab-scale experimental phase, density separa-
tion tests at optimal conditions were performed with different solid-to-liquid (S/L) ratios to
further identify the proper amount of solid matrix needed for an efficient treatment. Finally,
a potential reactor configuration concept for MPs’ density separation process scale-up was
suggested together with an economic analysis to assess its feasibility. According to this,
the overall procedure provides a comprehensive investigation useful to both identify an
effective strategy for MPs’ removal from solid matrices and practical information for a
real-scale treatment implementation.

2. Materials and Methods
2.1. Materials

Separation experiments of MPs (PP, HDPE, PLA, and PVC) were carried out with both
commercial silica sand (Bassanetti, Italy), characterized by a particle size in the range of
0.3–1.0 mm, and real marine sediments, taken from the Fischetto beach in Mola di Bari
(Italy). The PLA was obtained from the cutting of a PLA Ingeo 850 filament (Eolas Print,
Reocín, Spain) with a diameter of 1.75 mm. The other MPs were obtained from wastes
(Table 1) and were reduced to different investigated sizes with a cutter. Food-grade sucrose
(SRB s.p.a., Brindisi, Italy) and demineralized water were used for the preparation of the
separation solution.

Table 1. Characteristics of the wastes used for the MPs’ production.

PP HDPE PLA PVC

Waste turning swarf pipeline filament for 3D
printer pipeline

Color white black white gray
Density (g/cm3) 0.90 0.94 1.24 1.42

2.2. Theoretical Basis

In the laminar flow condition, a spherical particle suspended in a liquid is character-
ized by a settling/floating velocity (vp) expressed by Stokes’s law [24]:

vp =
g·
(
ρp − ρs

)
·d2

18·ν (1)

where g is gravity acceleration, ρp and ρs are the density of the particle and the solution,
respectively, d is the particle diameter, and ν is the solution viscosity.
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In this study, both ρs and ν are dependent on temperature (T) and sucrose concentra-
tion. In particular, Barber [25] reported that the ρs is a function of T (expressed in ◦C) and
the mole fraction of sucrose (y) according to the following equation:

ρs

[
kg
m3

]
=

y·MWs + (1 − y)·MWw

y·(C1 + C2T + C3T2) + (1 − y)·(A1 + A2T + A3T2)
·103 (2)

where y is expressed as a function of the sucrose weight fraction (Y):

y =
Y

MWs
Y

MWs
+ 1−Y

MWw

(3)

where MWs and MWw are the molecular weights of sucrose and water, respectively, and C1,
C2, C3, A1, A2, and A3 are constants, for which the values are reported in Table 2.

Table 2. Values of the constant used for the evaluation of the density of the sucrose aqueous solution
at varying temperatures and sucrose concentrations [25].

Constant Value

A1 18.027525
A2 4.8318329 · 10−4

A3 7.7830857 · 10−5

C1 212.57059
C2 0.13371672
C3 −2.9276449 · 10−4

For the evaluation of the viscosity as a function of T and Y, the model described by
Telis and Telis-Romero [26] was adopted. Accordingly, the viscosity of an aqueous sucrose
solution could be described as follows:

νsT,Y

[
kg

m·s

]
= νs293 K,Y ·exp

[
Ea

R

(
1
T
− 1

293.15 K

)]
·10−3 (4)

where R is the gas constant, νs293 K,Y is the fluid viscosity at 20 ◦C (293.15 K), and Ea is the
activation energy. The value of νs293 K,Y at different Y was found in the literature [27] while
Ea was expressed as a function of the solute volumetric molar fraction (φ):

Ea

[
J

mol

]
= Ea0

(1 + 0.5φ)

(1 − φ)
(5)

where Ea0 is a correction constant equal to 15.08 · 103 J/mol. φ was estimated to be a
function of the solute-free volumetric fraction (φsf), which was calculated as a function of Y:

φ =
φs f(

1 + φs f

) (6)

φs f =
Y

(1 − Y)
MWw

MWs

Vs

Vw
(7)

where Vs and Vw are the Van der Waals molar volumes of sucrose (160.35 cm3/mol) and
water (11.49 cm3/mol), respectively.
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2.3. Experimental Apparatus and Procedures
2.3.1. Experimental Measurement of the MPs’ Settlement/Flotation Velocities

A 70% (w/w) sucrose solution was prepared through the gradual addition of 1400 g
of sucrose to 600 mL of demineralized water in a 2.0 L baker. To increase the sucrose
dissolution rate, the solution was magnetically stirred in a chiller-thermostat at 50 ◦C.

To evaluate the floating velocity of PP, HDPE, and PLA, some of these MP particles
characterized by a dimension in the range of 1–2 mm were suspended in the bottom of a
1000 mL cylinder filled with 70% sucrose aqueous solution at 50 ◦C, and the time required
for the particles to rise along a 10 cm height was measured. To avoid computational errors
due to the particle’s initial acceleration, the time was measured starting after the rise in MPs
along the first 25 cm of the cylinder. As for the PVC, due to the higher density of the sucrose
solution, the velocity was evaluated by timing the settlement timeframe in the last 10 cm of
the 500 mL cylinder. A comparison between the experimentally measured and theoretical
velocities was made by assuming that the particles were spherical and by evaluating their
diameters as a function of the weight and density of each MP particle typology. For each
MP typology, three particles were tested, and their velocity was determined in triplicate.

2.3.2. Experimental Density Separation Tests

To investigate the effect of various S/L ratios on the process effectiveness, commercial
sand was artificially contaminated by MPs and characterized by a dimension in the range
of 1–2 mm at a concentration of 8 particles (2 for each MP typology) per 1.0 g of sand
(Table 3). Specifically, this value was chosen accordingly with the previous findings [15].
Then, the separation experiments were carried out in 50 mL conical test tubes by mixing
through a vortex different amounts of MP-contaminated sand with 40 mL of 70% sucrose
solution. After the mixing, the suspension was left to be still for 2 h at 50 ◦C. At the end of
each experiment, the number, color, and shape of the particles were optically determined
for all the MPs that floated to the solution surface. Each experimental condition was tested
in triplicate.

Table 3. Design of separation experiments.

Sand (g) S/L Ratio
(kg/m3)

PP
(Number)

HDPE
(Number)

PLA
(Number)

PVC
(Number)

0.5 12.5 1 1 1 1
1.0 25 2 2 2 2
2.0 50 4 4 4 4
3.0 75 6 6 6 6
4.0 100 8 8 8 8
5.0 125 10 10 10 10

The best S/L condition was validated with real marine sediments contaminated with
the same amount of MPs. In detail, the effectiveness of the density separation process with
real marine sediments was also tested at different MP dimensions (d): d < 1 mm; 1 mm < d
< 2 mm; d > 2 mm. Also, in this case, each experimental condition was tested in triplicate.

At the end of each test, MPs were identified by visual inspection, and the different
plastic typologies were distinguished by the particles’ color (Table 1). Instead, particle
shape allowed for the identification of the PP and PLA since both were characterized by
the same color.
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3. Results and Discussion
3.1. Theoretical Calculation of MPs’ Flotation/Settlement Velocities

Based on calculations through Equations (1) to (7), the floating velocities of a 1.0 mm
diameter spherical MP with a density of 1.3 g/cm3 at different temperatures (from 20 to
50 ◦C) and sucrose contents in aqueous solution (from 64 to 75%, w/w) are reported in
Figure 1a. The MPs’ density value used for the velocities’ determination was selected
by taking into account the maximum density value achievable in a sucrose solution (i.e.,
1.4 g/cm3) and then considering the worst operating conditions.
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Figure 1. Floating velocities of 1.0 mm spherical MPs with (a) fixed density of 1.3 g/cm3 at different
sucrose solution concentrations and temperatures and with (b) different density values with a 70%
sucrose solution and 50 ◦C.

The results showed that MPs’ particles flotation could be hindered at temperature
values higher than 40 ◦C with the lowest sucrose concentration (64%) since the theoretical
density of the solution is steady at 1.294 g/cm3. On the contrary, a temperature decrease
below 40◦C, at the same sucrose concentration, led to an increase in the solution density and
a consequent occurrence of particles flotation, although with very low velocities (0.18 m/h
at 20 ◦C). The 70% sucrose aqueous solution and 50 ◦C temperature were considered to
be optimal MP floating conditions (vp,MP = 1.03 m/h). According to the prediction from
the theoretical model, a further increase in temperature up to 60 ◦C and 70 ◦C resulted in
floating velocities equal to 1.52 m/h and 2.01 m/h, respectively. Despite this, the increase
in solution temperature could lead to a higher water evaporation rate. Then, if not properly
controlled and managed, this phenomenon can lead to an increase in sucrose concentration
coupled by the formation of sucrose crystals, resulting in negative consequences on all
the remediation processes. In order to avoid the abovementioned technical issues, the
maximum operating temperature was set to 50 ◦C.

According to this outcome, the velocity trend of 1.0 mm spherical MPs in a 70%
sucrose aqueous solution at 50 ◦C is reported in Figure 1b as a function of the particles’
density varying in a range of 0.9–1.7 g/cm3. As predicted by Equation (1), increasing
floating velocity can be observed at decreasing values of the particle density. Then, based
on the densities of PP, HDPE, and PLA (Table 1), a 1.0 mm diameter particle for each of
the MPs’ typologies would float with theoretical velocities, respectively, equal to 13.7 m/h,
12.5 m/h, and 2.94 m/h at the same operating conditions (70% sucrose, 50 ◦C). As for the
PVC, considering its higher density compared to the sucrose solution, a theoretical settling
velocity of 2.78 m/h would be the result.
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3.2. Experimental Results
3.2.1. Experimental Determination of MPs’ Settling/Floating Velocity

In order to validate the theoretical results, experiments were carried out with a 70%
sucrose aqueous solution at 50 ◦C, and the flotation velocities of PP, HDPE, PLA, and
PVC particles characterized by masses in the range of 3.5–6.8 mg were measured. PP,
polyethylene (PE), and PVC materials were chosen for this study because they represent
54% of global plastic production [28]. In particular, HDPE represents 45% of all polyethylene
production, while the residual percentage is composed by low-density (LD) and linear
low-density (LLD) PE. The behavior of PLA particles was also studied since they are
characterized by a density close to that of the theoretical MPs considered for the evaluation
of floating velocities (Table 1). As shown in Figure 2a, a behavior similar to the theoretical
model prediction was observed for PP, HDPE, and PLA particles. In fact, the experimental
PP, HDPE, and PLA floating velocities were only 16%, 15%, and 14%, respectively, lower
than the theoretical ones. The observed discrepancy from the theoretical data could be
likely ascribable to the non-ideal (i.e., non-spherical) characteristics of the real MP particles
used in the experiments. Accounting for the PVC, a different behavior compared to the
theoretical evaluation was observed because of the occurrence of the particles’ flotation
and/or suspension instead of the predicted settlement. As observed in Figure 2b, the
latter outcome was due to the effect of air bubbles’ presence and persistence on the PVC
particles’ surface. A similar phenomenon was observed in a previous study carried out
to determine the behavior of polyester (PES) particles in NaI– and ZnCl2–water solutions
both characterized by a density of 1.3 g/cm3 [29]. This study showed opposite results for
the ZnCl2 and NaI solution with PES particles, respectively, floating and settling. This was
probably ascribable to the higher surface tension within the ZnCl2 solution prompting the
formation of bubbles on the PES surface [29]. In order to limit the air bubbles’ influence
on the PVC, larger particles were used during the density separation tests. The latter
strategy both increased the weight of the particles (up to 46 mg) and decreased their specific
surface area. As a consequence, the air bubbles potentially attached to the particle per mass
unit could be reduced. Following the abovementioned set-up change, the settlement of
PVC particles was observed during the experiments. Nonetheless, the average measured
experimental velocity was 42% lower than the theoretical one (Figure 2a). As for the
previously discussed MPs, also in this case, the discrepancy between the observed and
predicted velocity values could be related to the non-ideal conditions of the performed
experiments. However, for PVC, besides the non-spherical geometry of the particles, the
presence of air bubbles attached to the MPs’ surface further affected the overall settlement
process and the corresponding velocity values.
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3.2.2. Density Separation Tests with Artificial and Real Marine Sediments

Figure 3 shows the results of the tests carried out at different S/L ratios to evaluate
the MPs’ (1 mm < d < 2 mm) separation efficiency from artificially contaminated sand. The
raw data of these results are reported in Table S1 of the Supplementary Materials. After 2 h,
the results showed that all the HDPE and PLA particles floated regardless of the amount
of sand. This outcome was expected since the density values of HDPE and PLA are both
lower than the 70% sucrose solution value. Instead, for PP, high sand concentration values
affected the particles’ floating, and recovery rates of 96% and 90% were observed for tests
at S/L ratios equal to 100 and 125 kg/m3, respectively. In this case, it is likely that the
higher S/L ratio values negatively affected the PP separation due to the triggering of a
hindered sedimentation phenomenon causing the MP particles’ entrapment within the
sand matrix and consequently limiting the flotation process [30,31]. Based on the results in
Figure 3, it is also worth highlighting the behavior of some PVC particles for which flotation
was observed instead of settlement phenomena similar to the tests for the PVC settling
velocity’s determination. In particular, the highest number of PCV particles was found
on the sucrose solution surface for the test carried out at an S/L ratio equal to 75 kg/m3.
For this experiment, considering its replicates, the PVC particles floating were between
4 and 5 out of 6 for a mean separation percentage of 77.8%. These results are consistent
with the findings of Bellasi et al. [18] who reported a PVC recovery rate equal to 53% in a
sucrose–NaCl aqueous solution characterized by a density ≤ 1.3 g/cm3. Nonetheless, it
is also noticeable that the lowest reproducibility of the results was displayed for PVC in
different density separation tests. Also, for this outcome, it is likely that the influence of
air bubbles retained on the PVC surface could significantly affect the separation process,
resulting in significant differences in the results obtained from each replicate.

Sustainability 2025, 17, x FOR PEER REVIEW 8 of 16 
 

3.2.2. Density Separation Tests with Artificial and Real Marine Sediments 

Figure 3 shows the results of the tests carried out at different S/L ratios to evaluate 
the MPs’ (1 mm < d < 2 mm) separation efficiency from artificially contaminated sand. The 
raw data of these results are reported in Table S1 of the Supplementary Materials. After 2 
h, the results showed that all the HDPE and PLA particles floated regardless of the amount 
of sand. This outcome was expected since the density values of HDPE and PLA are both 
lower than the 70% sucrose solution value. Instead, for PP, high sand concentration values 
affected the particles’ floating, and recovery rates of 96% and 90% were observed for tests 
at S/L ratios equal to 100 and 125 kg/m3, respectively. In this case, it is likely that the higher 
S/L ratio values negatively affected the PP separation due to the triggering of a hindered 
sedimentation phenomenon causing the MP particles’ entrapment within the sand matrix 
and consequently limiting the flotation process [30,31]. Based on the results in Figure 3, it 
is also worth highlighting the behavior of some PVC particles for which flotation was ob-
served instead of seĴlement phenomena similar to the tests for the PVC seĴling velocity’s 
determination. In particular, the highest number of PCV particles was found on the su-
crose solution surface for the test carried out at an S/L ratio equal to 75 kg/m3. For this 
experiment, considering its replicates, the PVC particles floating were between 4 and 5 
out of 6 for a mean separation percentage of 77.8%. These results are consistent with the 
findings of Bellasi et al. [18] who reported a PVC recovery rate equal to 53% in a sucrose–
NaCl aqueous solution characterized by a density ≤ 1.3 g/cm3. Nonetheless, it is also no-
ticeable that the lowest reproducibility of the results was displayed for PVC in different 
density separation tests. Also, for this outcome, it is likely that the influence of air bubbles 
retained on the PVC surface could significantly affect the separation process, resulting in 
significant differences in the results obtained from each replicate. 

 

Figure 3. Effect of the S/L ratio on the separation efficiency of tested MPs in a 70% sucrose aqueous 
solution at 50 °C. MPs size ranging from 1 to 2 mm. 

To validate the results obtained with commercial sand, experimental tests were car-
ried out with real marine sediments and an S/L ratio of 75 kg/m3. As shown in Figure 4, 
all the PP, HDPE, and PLA particles floated regardless of the MPs’ dimensions. The raw 
data of these results are reported in Table S2 of the Supplementary Materials. Regarding 
the PVC particles, the separation efficiency decreases as the particle size increases. This 
can be caused by the reduced effect of air bubbles on the surface of larger PVC particles. 

Figure 3. Effect of the S/L ratio on the separation efficiency of tested MPs in a 70% sucrose aqueous
solution at 50 ◦C. MPs size ranging from 1 to 2 mm.

To validate the results obtained with commercial sand, experimental tests were carried
out with real marine sediments and an S/L ratio of 75 kg/m3. As shown in Figure 4, all
the PP, HDPE, and PLA particles floated regardless of the MPs’ dimensions. The raw data
of these results are reported in Table S2 of the Supplementary Materials. Regarding the
PVC particles, the separation efficiency decreases as the particle size increases. This can be
caused by the reduced effect of air bubbles on the surface of larger PVC particles.
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Figure 4. Separation of MPs from real marine sediments with various MP sizes and types with 70%
sucrose aqueous solution, S/L ratio = 75 kg/m3, and T = 50 ◦C.

3.3. Feasibility Study on the Density Separation Process Scale-Up
3.3.1. Potential Configuration of the Pilot/Real-Scale Separation Reactor

Based on the results obtained, a potential reactor configuration for a separation process
at the pilot/real operating scale was suggested. Figure 5 reports the schematic represen-
tation of the separation system where MP-contaminated sediments can be added to the
sucrose aqueous solution in a mixing tank. After carrying out a heating phase to the
operational temperature, the mixture of the contaminated sand and sucrose solution is sent
to the separation tank. In the present work, the separation tank has been configured as a
conventional longitudinal settling tank. In particular, the separation reactor is equipped
with the following: (i) a scraper bridge; (ii) a collection hopper placed in the initial section
of the tank for the recovery of the settled solids; and (iii) a surface skimmer for the recovery
of the floated MPs. As shown in Figure 5, the suggested separation tank is equipped with a
second hopper, which could be optionally used for the separation of the slower-settling
solids (higher-density MPs).

In Equation (8), with F as the mixture flowrate, the horizontal surface area (S) of the
separation tank can be designed by considering an overflow rate (OFR) equal to the floating
velocity (vp,MP) of the MP particle class characterized by the density almost equal to that
of the separation solution (i.e., the particle class theoretically characterized by the lowest
floating velocity).

S = w·l = F
OFR

=
F

vp,MP
(8)

with w and l corresponding to the separation tank width and length, respectively. Account-
ing for the geometry, tank dimensions could be evaluated by considering a w:l ratio of 1:5
and a height (h) equal to 4.3 m [24], plus an additional freeboard of 1.0 m for the housing of
the scraper bridge. Then, based on the 1:5 proportion and Equation (8), w and l can also be
expressed as follows:

w =

(
S
5

)0.5
(9)

l = 5·
(

S
5

)0.5
(10)

After the separation of floating and settleable solids, the effluent sucrose solution
could be recirculated in the mixer. Taking into account the possible presence of residual
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colloidal particles suspended in the effluent, a continuous recirculation of the same sucrose
solution could lead to a significant accumulation of these particles, potentially causing
technical issues to the following treatment cycles. For instance, a related problem could be
represented by the hindered sedimentation phenomenon also observed for the PP particles
during the density separation tests carried out at a high S/L ratio. Then, a periodical
spent solution partial make-up with fresh sucrose solution could be carried out. From the
perspective of an environmentally sustainable process, the sediments settled and removed
from the separation tank could be washed with reclaimed wastewater in order to remove
residual sucrose before their return to the environment. The sediments’ washing step will
provide a solution with a high sucrose content which could be mixed with the spent sucrose
solution fraction discarded from the separation reactor. Then, the mixture could be used
as a feeding substrate in biological processes aiming to achieve polyhydroxyalkanoate
(PHA) production [32–34]. The overall configuration described above highlights a possible
valorization strategy of sucrose. Indeed, sucrose already represents a valuable product of
the food industrial sector. Nonetheless, the combined use of sucrose as a separation means
for sediments’ remediation and the involvement of the resulting by-product in biorefinery
applications can provide multiple solutions that support the circular economy approach.
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Figure 5. Separation process for the removal of MPs from contaminated sediments. (a) Hopper for the
collection of rapidly settling solids; (b) hopper for the collection of slowly settling solids; (c) skimmer
for the collection of floating solids; (d) scraper bridge; (e) scraper for suspended material handling
(when raised and the cart moves to the right) and settled material (when lowered and the cart moves
to the left); and (f) compartment for the sediment washing.

3.3.2. Process Cost Minimization and Separation Tank Design

From the perspective of the economic feasibility of the process, operating temperature
plays a key role. Indeed, at high temperatures, the energy consumed by heating the system
and the related system management costs increase. At the same time, an increase in
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temperature leads to higher MP flotation velocities and, consequently, a decrease in the S
parameter previously expressed in Equation (8).

The installation costs (ICs) of a primary clarifier, excluding the earthwork and mecha-
nisms, can be evaluated as a function of S [35]:

IC = 160, 000 $·
(

S
400 m2

)0.56
= 160, 000 $·

(
F

vp,MP·400 m2

)0.56

(11)

Since the separation tank should be closed to reduce heat and aqueous vapor losses,
in the present work, Equation (11) was modified to also consider the cost of the concrete
horizontal surface representing the separation tank ceiling:

IC = 160, 000 $·
(

F
vp,MP·400 m2

)0.56

·c (12)

The term c is a cost-increasing factor (c > 1) determined as a ratio between two different
surfaces. In particular, the ratio numerator was given by the sum of four vertical surfaces
(accounting for both the lateral walls, equal to l · h, and both front/back walls, equal to w · h)
and two-time S (accounting for the tank bottom and ceiling). Instead, the ratio denominator
was expressed as the sum of the four vertical surfaces and S (considering only the tank
bottom). Then, based on Equations (9) and (10), the c factor could be expressed as follows:

c =
2·S + 12·h·

(
S
5

)0.5

S + 12·h·
(

S
5

)0.5 (13)

For the energy requirements of the process, the only contribution was related to the
consumption due to heat losses (HS) from the separation tank, while the energy involved
for the movement of the electromechanical equipment and heating of the fresh separation
solution were both excluded from the following calculations. Then, HS was determined
according to the following equation:

HS [W] = U·A·
(
Top − Tamb

)
(14)

where Top is the operating temperature, Tamb is the ambient temperature equal to 15 ◦C by
considering an average global value on an annual basis, A is the sum of all the surfaces of
the separation tank exposed to the atmosphere, and U is the overall heat transfer coefficient.
For the overall heat losses, the one through the tank bottom surface was excluded since it
was hypothesized that it would be negligible compared to the heat losses through the tank
vertical surfaces and the ceiling interfacing with the atmosphere. However, the calculation
was carried out neglecting the convective resistance of the inner side of the tank surfaces
contacting the sucrose solution, which led to an overestimation of the energy costs. Thus,
U was determined through the following equation [36]:

U =
1

Rconc + Rins + Rconv,amb
=

1
xconc
kconc

+ xins
kins

+ Rconv,amb
(15)

where Rconv,amb is the convective resistances for the external surfaces, equal to 0.036 m2

◦C/W [36], and Rconc and Rins are the thermal resistances of the reinforced concrete wall
and of the thermal insulation layer, respectively. The terms xconc and xins represent the
thicknesses of the reinforced concrete wall and insulating layer, respectively. kconc and kins

are the thermal conductivities of the concrete and insulating layer, respectively. Considering
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xconc of 0.35 m, xins of 0.05 m, kconc of 3 W/m/◦C [37], and kins for an insulating layer
made in polyisocyanurate equal to 0.023 W/m/◦C [38], the resulting U value is equal to
0.43 W/m2/◦C.

Based on the hypotheses of the continuous heating of the separation tank for a reactor
useful life of 25 years, with an energy cost equal to 0.15 USD/kWh, given the previously
reported h value (5.3 m) and a w:l ratio of 1:5, the energy cost (EC) over the whole supposed
reactor functioning period can be evaluated as follows:

EC = U·A·
(
Top − Tamb

)
· 24·365·25

1000 ·0.15 $
kWh =

= U·[S + 2·h·w + 2·h·l]·
(
Top − Tamb

)
·219·0.15 $

kWh =

= U·
[

F
vp,MP

+ 12·h·
(

F
5·vp,MP

)0.5
]
·
(
Top − Tamb

)
·219·0.15 $

kWh

(16)

From Equations (12) and (16), it is possible to observe that IC and EC are both de-
pendent on vp,MP, which refers to the lowest floating velocity for a specific particle. As
a consequence, IC and EC variations as a function of operating temperature and sucrose
concentration can be outlined. Then, the effects of operating temperature and sucrose
concentration on EC and IC are, respectively, reported in Figure 6a,b for a density sep-
aration process, with F equal to 41.7 m3/h, aimed at removing MPs with a diameter of
1 mm and a density of 1.3 g/cm3. As expected, an increase in operating temperature led
to an increase in EC (Figure 6a) and a concurrent decrease in IC (Figure 6b). Despite this,
the optimal values of the total cost (TC), expressed as the sum of IC and EC, were found
for a working temperature of 50 ◦C and the use of a 70%w/w sucrose aqueous solution
(Figure 6c). Figure 6d displays the trends of EC, IC, and TC at constant 70% sucrose content.
It is worth noticing that a temperature increase from 50 ◦C to 70 ◦C would result in a
reduction in treatment costs of only 6.5%. However, for such high temperature values,
if water evaporation is not properly managed, the saturation concentration of sucrose
could be easily reached, and sucrose crystals could form. Consequently, automated control
systems for vapor re-condensation and/or water restoration should be required in order
to reduce water loss. Indeed, additional equipment would lead to an increase in both IC
and EC.
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These operating conditions were consistent with the optimal ones identified through
the theoretical estimation, for which a vp,MP value of 1.03 m/h was determined. With these
data, the design of the separation tank unit, operated at 50 ◦C and with a 70%w/w sucrose
solution, was carried out by determining S:

S =
F

vp,MP
=

41.7 m3

h
1.03 m

h
= 40.3 m2 (17)

Taking into account the moderate calculated value of the total horizontal surface
required for the MPs separation process, a viable solution for the performance of this treat-
ment in a practical way could be represented by the use of containers as a separation tank
unit. This operation mode could result in a significantly convenient treatment, allowing for
the in situ remediation of MP-contaminated sediments and consequently reducing the im-
pacts of the solid matrix’s transportation in terms of process cost and gaseous emissions in
the atmosphere. Then, by considering commercially available containers with a horizontal
surface of 27.6 m2 (2.3 m · 12 m) and h of 2.4 m, a total number of units equal to almost 1.5
would be required to suffice the total S determined in Equation (17). Then, rounding the
number of units to two would further provide a suitable compartment for the housing of
electromechanical and process-supporting equipment.

4. Conclusions
This work thoroughly investigates several aspects of a density separation method with

sucrose solution configuring an efficient and sustainable treatment for MP-contaminated
sediments’ remediation. In order to identify suitable operating conditions of the process,
theoretical calculations were useful to predict the best temperature and sucrose concentra-
tion values (50 ◦C and 70%, respectively) for the achievement of the optimal MPs floating
velocity. To further strengthen the theoretical results, experimental tests aimed at verifying
the floating velocity values of the target MPs were carried out at the identified optimal
operating conditions. This step allowed us to confirm the good correspondence between
the theoretical and experimental velocities for almost all of the tested MPs (i.e., PP, HDPE,
and PLA), while only PVC particles showed tested velocities significantly discordant (42%
lower) by the predicted ones. This outcome was related to an interference in the separation
process by the formation of air bubbles, and their attachment on the PVC particles’ surface
was probably triggered by the high surface tension value within the solution. Further
process condition optimization was investigated with density separation tests at different
S/L ratios between the sediments and the sucrose solution. Also, in this case, the tests
were performed at the optimal temperatures and sucrose contents theoretically determined,
and promising results were observed in terms of the MP particles’ separation efficiency.
Accounting for PP, HDPE, and PLA, total removal was displayed for almost all the S/L
ratios investigated, while low results replicability was observed for PVC in the different
tests. Nonetheless, in the test at 75 kg/m3, a higher reproducible PVC removal value equal
to 77.8% was shown, indicating the possible selection of this S/L value as the optimal one.
Based on the experimental results, the proposal of a potential treatment system configura-
tion for pilot/real-scale applications was identified. The overall suggested system includes
technical solutions for MPs’ removal, sucrose recirculation, and the wash of the treated sedi-
ments, as well as a possible application for the further processing of the resulting sediments’
washing solution. The system core corresponding to the MPs treatment unit was identified
as a conventional longitudinal settling tank and was dimensionally designed through a
preliminary cost optimization analysis. Considering a mixture flowrate of 1000 m3/d, the
calculated separation tank horizontal surface required for the process resulted in a quite
moderate value (40.3 m2), which allows for a feasible use of containers as in situ treatment
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units. Indeed, the cost analysis was carried out by excluding different contribution terms
which could vary both the determined IC and EC. Based on this consideration, future
research on this topic should focus on experimental activities investigating the proposed
system in pilot-scale applications. This could allow for the precise calculation of all the
incoming/outcoming flows (material and energetic) within the system and collect specific
data useful to carry out an in-depth economic analysis. This work outlines practical and
operating information useful to support the design of an environmentally sustainable
separation approach feasible also for solid matrix remediation, as well as analytical and
monitoring applications. Moreover, it provides a scientific background that could be used
to further deepen certain aspects such as the floating behavior of differently shaped MPs
(e.g., filaments, sheets) and enhance treatment performance.

Supplementary Materials: The following supplementary materials can be downloaded at: https:
//www.mdpi.com/article/10.3390/su17031258/s1, Table S1: Effect of the S/L ratio on the separation
efficiency of tested MPs in a 70% sucrose aqueous solution at 50 ◦C; Table S2: Separation of MPs from
real marine sediments at various MPs size and type with 70% sucrose aqueous solution.
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