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Abstract: Dredging sediments can be implemented as primary resources in several civil engineering
applications, on the condition that the release of anthropogenic compounds meets environmental
requirements. The remediation of sedimentary wastes constitutes therefore, a key step before
valorization consideration in circular economy schemes. This study focused on Zn removal from
clayey river sediments dredged in northern France (Lille, Saint-Omer and Aire-Sur-La Lys) using
a Thermo-Evolved Red Mud (TERM) and a Slag Based Hydraulic Binder (SBHB). The first step
consisted in investigating Zn-trapping mechanisms prior to TERM and SBHB application as Zn-
stabilizers. Results underlined poorer metal retention within the most organic sediment (high
fatty acids and polycyclic aromatic molecules concentrations), emphasizing the minor role of the
organic fraction typology during Zn-trapping. The pollutant displayed its best binding yields
within the sediment with the highest interstitial pH and specific areas, which stressed out the
preponderant influence of alkalinization ability and particles size distribution. In a second step, the
spiked sediments were treated with TERM and SBHB, which resulted in a substantial lowering of Zn
release at 12% of stabilizer/sediment ratio. Even though the organic content role was not preeminent
during the pollutant trapping, it appeared here influential as delays in removal efficiencies were
observed for the most endowed sediment. Two preferential geochemical pathways were adopted
during the remediation operations with significant promotive roles of basic background pH. Indeed,
Zn removal with TERM consisted mainly in sorptive mechanisms involving exchanges with Ca and
Mg ions, whereas binding onto SBHB was principally achieved through precipitation phenomena.

Keywords: sediment; zinc; removal; hydraulic binders; red muds; adsorption; precipitation

1. Introduction

Harboring management and waterways maintenance generate several tons of sedimen-
tary waste [1] that can be implemented as primary resource in different civil engineering
applications. Promising options of recycling are now emerging in fields as various as road
engineering [2,3] cements and clinkers processing [4], hydraulic binders formulations [5,6]
and geopolymers manufacturing [7,8]. The reuse of sediments as surrogate component
nevertheless faces increasing operational challenges, since intrinsic physico-chemical prop-
erties must meet both environmental and mechanical restrictive standards. The release of
anthropogenic compounds, namely heavy metals and hydrocarbons, drives indeed several
ecosystemic issues through run-offs and ionic diffusion within proximal systems [9,10],
whereas the natural organic fraction raises hardening issues during the upgrading pro-
cess of sediments into engineered by-products [11]. Different remediating processes are
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increasingly investigated to tackle this issue on the basis of pathways such as electrokinetic
migration [12–15], microbial redox transformations [16–19] as well as hydrophobic and
electrostatic adsorption [20,21]. In each of these treatment routes, removal performances
appear strongly constrained by sediments inherited properties as well as the configuration
of background metrics such as the pH, the Eh and the electrolytes’ activity.

In this approach, the emphasis was put on of two eco-friendly materials regarding
heavy metals remediation leaning on either the sorptive or the precipitating ways. A
negligible proportion of heavy metals in deposits nearing urban zones are attributed to
natural processes [22]. They are mostly anthropogenic [23–26] and are now well char-
acterized given their potential outcomes in proximal ecosystems [27,28]. The focus here
work was put on zinc (Zn), one of the most recurrent anthropogenic contaminations in
sedimentary contexts. It is mostly approached from the angle of suspension/re-deposition
mechanisms [29,30] with a focus on the biological effects of its speciation [31]. Indeed,
physical (vibrations, gravity disturbances) as well as biological (bioturbation, heterotrophic
activities) turbid episodes may alter Zn redox states and have detrimental impacts on
benthic communities [32–35].

The remediation of Zn mobility is an essential step prior to recycling into any engi-
neering option. Treatment pathways through mechanisms as electrokinetic [12,13], chela-
tion [36], ozonation [37,38] and microbial transformation [17,18] are now extensively stud-
ied. We opted here for the sorptive route, classically undertaken with raw phases as
zeolites [39] and clay minerals [40,41]. Modified materials e.g., activated carbon [21],
carbon nanotubes [42], fullerenes [43,44] or graphene [44,45] are also well-explored. In
both cases, adsorbents intrinsic properties namely cations exchange capacity and specific
area drive mostly Zn removal [46,47]. Background parameters (pH, temperature, salinity)
govern the magnitude of Zn/adsorbent associations as well and constrain the typology of
preferential chemical bonds.

The objective was to characterize the trapping conditions of Zn in sediments from
three fluvial beds (northern France). A particular attention has been paid to the role of
sediments intrinsic property regarding the binding process, and the contribution of a
Thermo-Evolved Red Mud (TERM) and a classical hydraulic binder (SBHB) as removing
materials were subsequently assessed. Trapping modalities were first studied with a
specific attention on sediments’ organic compositions, particle distributions and specific
areas in order to evaluate the relative influence of these key metrics. In a second step, TERM
and SBHB interactions with Zn were performed under pure water conditions with the
objective to determine their geochemical pathway of stabilization, and finally, their removal
capacity in heavily polluted organo-mineral matrices was assessed through a sequential
addition approach. The overall goal was to evaluate the contribution of these two materials
regarding the remediation of such fluvial wastes before recycling considerations in circular
economy perspectives.

2. Material and Methods
2.1. Interaction Procedure
2.1.1. Sediment Spiking

Sediments were dredged in the rivers of La Deule (Lille, Haut-de-France, France), Aa
(Saint-Omer, Haut-de-France, France) and La-Lys (Aire sur La Lys, Haut-de-France, France)
between November 2019 and February 2020 (Table 1). Hereafter, they will be named
following the location where the dredging operation were undertaken, respectively, Lille,
Saint-Omer, and Aire-Sur-la Lys (ASL). Powdery ZnCl2 (Fisher Scientific®, Illkirch, France)
was used as Zn source and stabilizers were chosen according to engineering applications
purposes. These were a Thermo-Evolved Red Mud (TERM) and a Slag Based Hydraulic
Binder (hereafter SBHB) marketed under the denomination Roc AS®. Red muds residues
from Gardanne Alumina Plant (France) were used as source materials for TERM. Its
thermo-modification (dewatering) and environmental compatibility are described in [48].
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Table 1. Sediments mineralogical composition, surface area, Total Organic Carbon (TOC) content, Hydrogen Index (HI) and
Oxygen Index (OI) measured before Zn spiking and interactions with the two stabilizers.

Sediments Surface Area
(m2 g−1)

TOC
(%)

HI
(mg HC g−1

TOC)

OI
(mg CO2/g−1

TOC)

Lipidic
Fraction
(mg g−1)

pH Main Mineralogical
Content

Lille 2.09 6.78 452 98 15.89 7.8

Quartz; Calcite;
Muscovite; Albite;
Orthoclase; Illite;
Montmorillonite

ASL 4.69 1.15 201 128 1.90 7.7
Quartz; Calcite;

Orthoclase; Muscovite;
Albite; Diopside

Saint-Omer 7.18 1.43 284 119 2.36 8.1
Quartz; Calcite; Brushite;

Muscovite,
Microcline

Zn/Sediment interactions were performed using 10 g of sediment in 100 mL of
ultrapure water with different levels of Zn (76, 38, 15, 7, 0.15 and 0.015 mmol L−1). For
each sediment, this spiking operation was triplicated. Each series was stirred (100 rpm)
for 24 h, at which point 10 mL of aqueous aliquots were taken, filtered (0.45 µm) and
acidified (HNO3) before measurement via Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES).

2.1.2. Stabilization Procedure (Sequential Addition)

To characterize the stabilizing capacity of TERM and SBHB, the spiked sediments
were dried at 45 ◦C (7 days), blended with the stabilizers in separate series, homogenized
(10 min, 100 rpm), and completed with 100 mL of ultrapure water as described in [49].
This operation was performed in triplicates. The mixtures were stirred at 100 rpm (24 h),
and aliquots of 10 mL were sampled for chemical analysis (ICP OES). The remaining solid
mixtures were dried (45 ◦C) before X ray Diffraction, Thermo-Gravimetric Analysis (TGA)
and X ray Fluorescence (XRF) characterizations.

2.1.3. Adsorbent/Zn Aqueous Interactions

To better understand the heavy metal’s binding mechanisms, interactions with TERM
and SBHB experiments were performed in ultrapure water with Liquid/Solid ratio = 10.
Series at 76, 38, 15, 7, 0.15 and 0.015 mmol L−1 of Zn were prepared in 100 mL of ultrapure
water with10 g of stabilizer. The blends were agitated during 24 h (100 rpm) and 10 mL
aliquots were taken to assess elemental concentrations (Zn, Ca, K, Mg, Fe, Al, Mn, S) using
ICP OES. HCl (0.1 M) was used for pH adjustments. Solid phases were dried (45 ◦C) after
decantation and finely ground for XRD, XRF and TGA characterizations. Ionic strengths’
effects were evaluated at constant Zn concentration (15 mmol L−1) and increasing NaCl
concentrations (1 × 10−3 to 1 mol L−1). A multi-probe device (conductivity, pH, and redox)
was implemented to monitor the electrical conductivity during this experiment.

2.2. Analytical Methods
2.2.1. X-ray Fluorescence

Bruker S4 Pioneer® spectrometer and a 4-kW wavelength dispersive X-ray fluores-
cence spectrometer equipped with a rhodium anode were used to characterize the chemical
compositions of TERM, SBHB and raw sediments. Measurements were realized at 60 keV
and 40 mA on powdered materials-compressed tablets. Semi-quantitative determination of
element concentrations down to the part per million levels was conducted via an integrated
standardless evaluation.
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2.2.2. X-ray Diffraction

Thoroughly dry powders micronized by grinding in agate mortar and pestle were
analyzed using a Bruker D8 Advance diffractometer system via Co-Kα radiation and a fast
Lynx Eye position sensitive detector (WL = 1.54). The diffractometer was used at 35 kV
and 40 mA and scans were performed from 5◦ to 80◦ 2θ, with a step interval of 0.02◦ 2θ
and a time acquisition of 96 s per step. Mineral identification was realized via the Bruker-
AXS DiffracPlus EVA software and the International Centre for Diffraction Data (ICDD)
Powder Diffraction File 2015 database.

2.2.3. Thermogravimetric Analysis

Thermogravimetry was implemented as an additional independent technique to
quantify minerals decomposition within the raw and treated sediment with the objective to
cross-check the mineralogical data (XRD). Analyzes were conducted using a Netzsch STA
449F3 Jupiter® thermal analyzer set up at 3 ◦C/min from 40 to 1000 ◦C under argon flux.

2.2.4. Particle Size and Specific Area

The distribution of adsorbents and sediments particle size was acquired using a
LS12330 (ISO 13320-1) laser diffraction Coulter. The specific surface area was obtained by
the Brunauer-Emmett-Teller (BET) calculation from nitrogen sorption experiments using
an AGITENT Analyzer apparatus from Micromeritics (3FLEX Surface Characterization).
Prior to analysis the samples were degassed with a Smart Prep degasser (VacPrep 061) to
remove adsorbed compounds and humidity.

2.2.5. Bulk Organic Matter Characterization

In order to characterize OM properties, 80 to 140 mg of dried sediments were used for
Rock-Eval® 6 (Vinci Technologies, Rueil Malmaison, France) analysis. The inert pyrolysis
program (first oven) starts with an isothermal stage of 2 min at 200 ◦C. Then, the pyrolysis
oven temperature is raised at 30 ◦C min−1 up to 650 ◦C and held 3 min at this temperature.
The oxidation phase (second oven) starts by an isothermal stage at 400 ◦C then a ramp
at 30 ◦C min−1 up to 850 ◦C, with a hold for 5 min. The significance of the now classical
Rock-Eval parameters was explained by Espitalié et al. [50]. The Hydrogen Index (HI, or
mg HC g−1 TOC) is the amount of HC released during pyrolysis relative to TOC. The
Oxygen Index (OI, or mg CO2 g−1 TOC) is a measure of the oxygen content of the OM
calculated from the amounts of CO and CO2 released during pyrolysis and normalized
to TOC.

2.2.6. Molecular Analysis

Sedimentary lipids were extracted using accelerated solvent extraction (ASE 200,
Dionex®) with CH2Cl2:MeOH (9:1 v/v) at 100 ◦C and 1000 psi. The extract was sepa-
rated into neutral, acidic and polar fractions using solid phase extraction on aminopropyl
bonded silica as described in [51,52]. The acid fraction was methylated with anhydrous
MeOH/MeCOCl by heating at 60 ◦C for 1 h. An internal standard (5α-cholestane, 100 µL)
was added to each fraction for quantification. Both fractions were analyzed using gas
chromatography–mass spectrometry (GC-MS; Trace 1310 GC equipped with AS 3000 au-
tosampler and coupled to an ISQ 7000 mass spectrometer; all from Thermo-Scientific,
Bremen, Germany). The GC instrument was fitted with a J&W-DB5 MS UI column (60 m,
0.25 mm i.d., 0.25 mm film thickness) from Agilent Technologies®. The oven temperature
program was 40 ◦C (1 min) to 120 ◦C at 30 ◦C/min and then to 310 ◦C (held 40 min) at
3 ◦C/min. 1 µL of each sample was injected in splitless mode at 280 ◦C and He was the
carrier gas at 1.0 mL/min. The MS instrument was operated in electron ionization (EI)
mode at 70 eV and scanned from m/z 50 to 650.

Polycyclic Aromatic Hydrocarbons (PAHs) analyses were carried out with a GC
7820A-5977E MSD, Agilent Technologies, USA equipped with a low polarity capillary
column (HP5-MS UI, 30 m, 0.25 mm, 0.25 µm, Agilent, Santa Clara, CA, USA) with He as
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carrier gas. 2 g of representative sediment sample were taken Solid/Liquid extraction in
dichloromethane. Pulsed splitless injection mode has been used to increase sensitivity. The
temperature of the column was held at 45 ◦C for 1 min, and then increased from 45 to 80 ◦C
at 30 ◦C min−1. It evolved from 80 to 310 ◦C at 7 ◦C min−1 with a final isothermal hold at
310 ◦C for 10 min. External calibration was performed using 18 PAHs mixture standard
(EPA Method 8310 PAH Mixture, Restek, Bellefonte, PA, USA).

2.2.7. Metal Content Analysis

Zn2+ aqueous concentrations were assayed through Inductively Coupled Plasma
Optical Emission Spectrometry (ICP OES). The implemented device was a 5110 ICP-OES
from Agilent Technologies ® equipped with an SPS4® autosampler (Agilent technologies).

2.2.8. Microscopic Observations

A scanning electron microscope (SEM) type Hitachi S-4300SE/N was implemented
for micro-scale characterizations. The device was coupled with Energy Dispersive X-ray
Spectrometer (EDS) equipped with a Thermo Scientific Ultra Dry EDS detector in order to
perform focalized chemical analysis.

2.3. Sorption Modeling

Results were fitted to theoretical models using Langmuir, Freundlich and Dubinin-
Radushkevich (DR) equations allowing to precisely quantify the affinity of Zn2+ with the
adsorbents. Langmuir model supposes that the adsorbates are retained on individualized
sites across the accessible surface, and each site hosts a unique ion. It calculated via the
equation [52].

qe = qmax KL/[1 + (KL Ce)] (1)

with: qe the adsorbed amount at equilibrium (mol g−1); Ce the concentration of Zn2+ in
the solution at equilibrium (mol L−1); qmax is TERM’s maximum sorption capacity; KL the
Langmuir constant (L mol−1);

Freundlich and DR equations admit surface heterogeneities during the adsorption
process. Freundlich model is a linear relation that can be expressed through [53].

ln qe = ln KF + 1/n (ln Ce) (2)

where KF (g L−1) and n are constants and indicate, respectively, the extent of the adsorption
and the degree of non-linearity between the metallic ion and the adsorbents. If the term
1/n ranges between 0.1 and 1, it suggests that the adsorption mechanism is favorable [54].

DR isotherms permit to deduce complementary thermodynamic parameters. It can be
written as:

ln qe = ln qm + β × ε2 (3)

where ε is the Polanyi potential, calculated through the relation (4):

ε = RT ln (1 + 1/Ce) (4)

qm is the theoretical potential saturation capacity of the sorbent and β the constant related
to the activity (mol2 J−2).

3. Results and Discussions
3.1. Zn Trapping within the Sedimentary Wastes: Magnitude and Pathways

Bound amounts were assessed with regards of sediments’ inorganic and organic
properties in order to better understand Zn trapping modalities. From a granulometric
point of view, Saint-Omer sediments presented larger volume in the interval between 1
and 100 µm (Figure 1A) compared to its sedimentary counterparts. This probably induced
the hierarchy of specific areas (Table 1), in which Saint-Omer exhibited higher values
(7.18 m2 g−1) than Lille (2.09 m2 g−1) and ASL (4.69 m2 g−1). Therefore, Saint-Omer was
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better predisposed for ionic interactions compared to the other two sediments. In the
coarser range (>100 µm), no clear hierarchical order distinguished ASL and Lille, while
Saint-Omer remained the most endowed in detrital element in this interval as well. Given
the low propensity of coarse elements to adsorb metallic ions [55,56], particles distribution
above 100 µm was not expected to have significant impacts.
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From a mineralogical perspective, the three sediments comprised mainly quartz,
albite, orthoclase, and muscovite (Table 1), which were likely the erosive outcome of the
Aa, La Deule and La Lys rivers’ watersheds. Calcites resulting from intra-water columns’
carbonation mechanisms were also highly represented. In addition to these ubiquitous
phases, less predominant minerals (clayey phases) distinguished the sedimentary wastes.
Even though ASL did not exhibit specific clay patterns, Lille and Saint-Omer presented illite,
montmorillonite and brushite. These mineralogical assemblages conferred the thermal
behaviors depicted in Figure 2. From 90 to 500 ◦C, ASL exhibited 4% of mass loss while Lille
and Saint-Omer presented, respectively, 6% and 3%. Between 500 and 900 ◦C, Saint-Omer
presented higher mass losses (11%) compared to Lille (6%) and ASL (5%). In this range
carbonates as calcite are known to undergo important thermal destabilization [57–59].

Minerals 2021, 11, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 2. Thermal evolution (TGA) of the three sediments (Lille, Saint-Omer and ASL) before and after stabilization with 
the Thermo-Evolved Red Mud (TERM) and the Slag Based Hydraulic Binder (SBHB). Δ*: Mass variations within the raw 
sediment. 

Figure 2. Thermal evolution (TGA) of the three sediments (Lille, Saint-Omer and ASL) before and after stabilization with
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sediment.

Each organo-mineral ensemble had a specific thermal slope reflecting its own rate
of pyrolysis. Mass losses resulted likely from the combination of water molecules desta-
bilization within hydrous minerals, OM pyrolysis and CO3 losses. The amount of these
thermo-sensitive components likely controlled the magnitude of the pre-enumerated mass
losses. Higher mass losses in Lille (11%) can be assigned to larger OM pyrolysis, since this
sediment displayed the richest organic content (Table 1). The close OM examination under-
lined the abundance of natural molecules i.e., Fatty Acids (FAs) and also the occurrence of
anthropogenic molecules namely Polycyclic Aromatic Hydrocarbons (PAHs). FAs exhib-
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ited a classical C16 and C18 predominance (Figure 3) highlighting the low state of maturity
of the authigenic (phytoplankton, zooplankton, bacteria, archaea) and allogenic organic
matter within the three sediments. All carbonaceous lengths together (C12–C32), FAs were
more represented in Lille (74.17 µg g−1) compared to Saint-Omer (37.27 µg g−1) and ASL
(34.21 µg g−1). Regarding PAHs (Figure 3), fluoranthene and pyrene predominated among
the light molecules (M < 203 g mol−1), while benzo (b) fluoranthene and benzo (a) pyrene
showed strong occurrences among the heavy homologues (M > 203 g mol−1). For PAHs
also, concentrations were higher in Lille (43 µg g−1) compared to Saint-Omer (4 µg g−1)
and ASL (5.7 µg g−1).
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fluoranthene; 13 Benzo (a) pyrene; 14 Indeno (1,2,3-cd) pyrene; 15 Dibenzo (a,h) anthracene; 16 Benzo (g,h,i) perylene.
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Generally speaking, OM enhances Zn uptake onto organo-mineral matrices [60–62]
in both pedological and sedimentary contexts [63,64]. However here, data suggested an
opposite tendency. Even though Lille sediments had the highest TOC and HI (Table 1),
it did not retain Zn the most (Figure 4). Results underlined indeed, higher propensity
of Saint-Omer to trap the metallic element compared to the two other sediments. On
the other hand, particulate properties, namely size distribution (Figure 1A), and surface
area (Table 1) appeared to have a significant influence on the trapping hierarchy. Indeed,
Saint-Omer retained more Zn than Lille and ASL (Figure 4) and presented more favor-
ably predisposed fine particles distribution and surface area magnitudes compared to its
counterparts (Table 1).
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Furthermore, Saint-Omer exhibited the highest pH among the tested sediments
(Table 1). Therefore, precipitation mechanisms contributed very likely to overall reten-
tions within this sediment, since basic pH are known to enhance Zn binding through
depositional processes [65,66]. So that, it was assumed that alkalization ability and size
distributions were more predetermining than OM content regarding Zn trapping within
the experimented sediments.

3.2. Implementing SBHB and TERM to Lower Zn Release from the Sedimentary Wastes

Figure 5 shows the release of Zn from the artificially enriched sediments as a function
of stabilizers amount. In Lille sediments, 8% SBHB reduced≈60% of initial Zn (C/C0 = 0.4),
while 16% TERM were needed to reach similar results (Figure 5A). Likewise in Saint-Omer
and ASL sediments, Zn lowering was more efficient with SBHB compared to TERM. In
ASL, it took 8% SBHB to achieve a 60% decrease (C/C0 ≈ 0.4), whereas 20% TERM was
necessary to achieve equivalent lowering percentages (Figure 5B). For Saint-Omer, 12%
of SBHB was required to achieve a 60% reduction (C/C0 ≈ 0.4), while such level was not
achievable with TERM on the experimented range (Figure 5C). Thus, in all sediments,
fewer SBHB amounts were needed to lower the release of Zn. SBHB capacity to raise
background pH and to favor therefore Zn precipitation drove most likely this tendency.
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Even though SBHB performed globally better than TERM, its effectiveness varied from
one sediment to another. Better abatement was indeed, observed in Saint-Omer compared
to Lille and ASL. This probably resulted from Saint-Omer’s good predisposition to trap the
contaminant (Figure 4) and SBHB inhibition in the other two sediments due to high OM
concentrations. OM interference on both hardening process and interactive properties of
hydraulic binders is indeed a well-known phenomenon [67–72]. Since Lille and ASL were
better endowed in OM (Table 1; Figure 3), higher inhibitory effects led very plausibly to
poorer SBHB performances.

The affinity of clayey material as TERM with organic molecules is also a well-described
mechanism [73–75]. The three sediments here had different contents of organic acids and
aromatic compounds (Figure 3), which predisposed each sediment/TERM blend to have
a proper Zn evolution. However, no noteworthy differentials were observed above an
average TERM amount of 12%. The few differences following sediments’ origins occurred
below this threshold. In Lille specially, the treatment below 12% was less performant
compared to the two other sedimentary counterparts in equivalent range of TERM addition.
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Competition between Zn ions and the highly concentrated organic molecules drove very
likely this relative lack of performance.

3.3. Zn2+ Binding onto TERM and SBHB: Mechanisms and Background Effects
3.3.1. Binding Mechanisms
Zn/TERM Interactions

Figure 6 recapitulates Zn binding isotherms onto TERM and SBHB. Hyperbolic shapes
fitting with the Langmuir model (Figure 6A) suggested the reach of a saturation state
for TERM, while SBHB displayed a linear evolution (Figure 6C) indicating an ongoing
inter-dependency relationship. In the case of TERM, the reach of a hosting sites threshold
limited very likely the interaction, while the linear relation in the case of SBHB emphasized
the mutual control of Zn concentrations and SBHB soluble components on the removal
mechanism. Modelling parameters showed that TERM data were better fitted with the
Langmuir theory than Freundlich and DR equations which exhibited poor r2 (Table 2). The
good Langmuir fit corroborated the idea of punctual interaction at TERM’s surface since
this model assumes singularized sorptions via a unique hosting site [53].
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Table 2. Zn binding onto TERM adsorptions parameters (qmax, KL,F,D-R) at pH 2 and pH 7 deduced from Langmuir,
Freundlich and Dubinin-Radushkovitch equations.

Langmuir Freundlich Dubnin-Radushkovitch

a b r2 qmax KL a b r2 KF a b r2 KDR

pH 7 0.05 0.04 0.98 15.75 1.59 0.44 2.19 0.52 0.12 0.0006 −0.97 0.66 0.38
pH 2 0.08 0.09 0.95 12.41 0.90 0.23 0.51 0.51 0.06 0.015 −1.65 0.89 0.16

Major elements (Mg, Ca, K, Na, Si, Al) behavior provided important indications for the
understanding of interactions’ preferential pathway (ion exchanges, electrostatic adsorp-
tions etc.). Their evolutions as a function of bound Zn amounts are depicted in Figure 7.
For TERM, aqueous Mg and Ca increased up to plateau levels at '5 and '10 mmol L−1,
respectively. Linear growths preceding these saturation thresholds suggested exchange
mechanisms between Mg, Ca and aqueous Zn. Substitution processes of Zn with ele-
ments such as Ca are, indeed, well-acknowledged within crystalline systems such as
Ca-Montmorillonites and calcites.

The reach of the above-mentioned plateaus suggested the cessation of exchanges,
resulting likely from Ca and Mg supply shortage. This might have also arisen from
selectivity phenomena and surrounding cations’ competition. The predisposition of Zn
to exchange with K and Na is also well-documented. For instance, the early approach
of Brigatti et al. [76] showed silicates’ (magadiite) good capacity to substitute K and Na
with background Zn in aqueous media. This propensity of magadiite to exchange its
compositional Na+ with Zn2+ in aqueous systems has also been outlined in the approach of
Ide et al. [77]. Here in the case of TERM, Na and K depicted linear evolutions with positive
slopes (0.7 and 1.06, respectively), suggesting high levels of exchanges with the metallic
contaminant. Al concentrations, on the contrary, have lowered with growing Zn amounts
(Figure 7) which suggested a decrease in Al/Zn exchanges.

This most probably resulted from the concurrence of more competitive relations such
as Na/Zn, Ca/Zn or Mg/Zn substitutions. It might also result from the implication of Al
in additional precipitation mechanisms. Finally, the evolution of aqueous Si with regard of
bound Zn remained constant and did not exhibit a specific trend, probably as a consequence
of the high stability of the tetrahedral structures that constitute the modified mud [48].

Beyond these substitution mechanisms, Zn binding via complexation should also be
considered. Electrostatic processes involving charged sites on the surface of the adsorbent
are indeed well admitted during the interactions of heavy metals with raw versions (non-
heated) of equivalent clayey materials.

SBHB/Zn Interactions

Regarding SBHB, the aqueous concentration of most cations (Mg, Na, Si) as a function
of bound Zn (Figure 7) remained weakly affected, except for Ca. The latter displayed a
linear increase synonym of exchange mechanisms. Al evolution had here also a down-
ward tendency, most probably resulting from more competitive exchanges (Ca/Zn) and
involvement in concurrent precipitations.

Zn higher bindings onto SBHB compared to TERM (Figure 6) suggested the occurrence
of further associative processes. Under cementitious basic conditions, the propensity of Zn
to precipitate under oxides/hydroxides and/or calcium zincate] is well-acknowledged. The
commonly admitted pathway requires the hydrolysis of cementitious phases which allows
the formation of calcium zincates (Ca Zn2(OH)6 2H2O), whereas oxides (ZnO) and hydrox-
ides (ZnOH2) precipitate as a respond to the classical constraints of Pourbaix (pH/redox).
Here, SEM/EDS observations performed after SBHB/Zn interactions (Figure 8) pointed
out the occurrence of such precipitates. The observations stressed out indeed, the presence
of precipitates with predominant Zn in addition to the typically cementitious silicates and
slag debris (Figure 8). Zn precipitates were preferentially deposited around silicates grains
and exhibited needle-like morphologies.
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In cementitious contexts, such Zn-based elongated shapes were reported as Zn-oxides
and hydroxides. Furthermore, hexagonal geometries characterize Ca-zincates, which
comfort the idea that the needle-like deposits were oxides and hydroxides. Thus, a high
proportion of SBHB bound Zn arose very likely from precipitation phenomena in addition
to the cation substitutions previously mentioned.
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3.3.2. Background (pH and Ionic Strength) Effects

Several studies showed the efficiency of metallic cation’s uptake with growing basicity.
For instance, Oren and Kaya [65] reported that the most favorable acido-basic configuration
for Zn removal with zeolites was around pH 8. Similarly, Sen and Gomez [66] removed
higher Zn amounts with bentonites under basic settings (pH = 7.6). Likewise, the removal
capacities of hydroxyapatite, Kaolin, fly ash, calcite and biochar were reported more
favorable under basic backgrounds. Here, a hierarchy consistent with this bibliographical
trend was observed for both TERM and SBHB (Figure 6). For TERM whose behavior was
compatible with adsorption models, qmax magnitudes emphasized the antagonism between
background acidity and Zn binding. Indeed, qmax values were 15.75 and 12.41 mmol g−1

at, respectively, pH 7 and pH 2, confirming more favorable Zn uptakes when pH heightens
(Table 2).

A plausible explanation for this hierarchy was the increase of hydroxyl ions’ activity
during the transition from pH 2 to 7. Hydroxyls activity promoted very likely Zn precipi-
tation contributing de facto to the overall removal for TERM. Thus, Zn binding must be
interpreted as a cumulative phenomenon resulting from both ionic exchanges (Ca, Mg, Na,
K) as seen above, and mineral precipitation (oxides and hydroxides). Regarding SBHB,
binding was also more intense at pH 7 (Figure 6). Growing basicity promoted precipitation,
while ionic exchanges involving Ca solely (Figure 7) remained very likely a mechanism
of second importance. Indeed, SEM/EDS evaluations did not point out traces of Zn in
silicate grains and/or slag debris (see examples in Figure 8), which argued in favor of poor
retentions through ionic exchanges.

The evolution of bound Zn for both TERM and SBHB as a function of salts concen-
trations highlighted the promoting influence of ionic strengths up to a threshold value
(≈2 mmol L−1), above which the removal depicted a saturating trend. This removal had
however, to be interpreted with caution since ZnCl2 precipitation might occur with growing
Cl− activity (NaCl dissolution). This was all the more plausible given that increasing ionic
forces were assumed in the literature to be a detrimental factor for heavy metal removal.

4. Conclusions

Zn trapping modalities in fluvial sediments was examined, before assessing the con-
tribution of two eco-friendly clayey materials (TERM, SBHB) as remediating options. The
overall purpose was to improve the environmental compatibility of these river sediments
in order to promote their reuse in engineering processes.

Spiking approaches showed that the richest sediment (Lille) in terms of TOC, fatty
acids and aromatic molecules did not significantly bound Zn compared to its counterparts.
On the other hand, binding appeared particularly efficient within the sediment with the
highest pH and specific area (Saint-Omer), suggesting that medium alkalinization and
particle size were more determinant than organic content.

Even though organic matter did not have a preeminent role during the trapping
process, it nevertheless displayed a significant influence during the treatment operations
conducted with SBHB and TERM. Indeed, poorer performance was observed for the most
organic sediment (Lille) at low SBHB and TERM amounts (<12%). Above this threshold
(12%), both stabilizers allowed good Zn lowering, as 80% of release was avoid under the
best settings.

Batch approaches suggested that removals with the modified mud (TERM) occurred
mainly via ionic exchange (Ca, Mg, Na, K) and, in a lesser extent, through pH-sensitive
precipitation phenomena. This sorptive treatment enhanced the environmental compatibil-
ity of the experimented organo-mineral ensemble and can contribute to the consideration
of alike matrices as resource in engineering techniques.
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