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Abstract

Despite the significant role played by colloids in determining the fate of contaminants in aquatic
systems, obtaining knowledge about the mobilizable colloids from bottom sediments of dam
reservoirs has not yet received sufficient consideration. A major obstacle to understanding the role
of colloids in aquatic systems is the limited comparability of results with the literature due to the
vast number of methods practiced for colloid extraction/separation and the various sample storage
conditions used for colloid extraction purposes.

This work presents the effects of five colloid separation methods (namely direct filtration, successive
filtrations, low-speed centrifugation and filtration, high-speed centrifugation and filtration, and
successive centrifugations), combined with four sediment storage modes (wet, air-dried at 20°C,
oven-dried at 40°C, freeze-dried), on the characteristics (mass, size distribution, composition) of
water-mobilizable colloids from the bottom sediment of an eutrophic reservoir (Champsanglard,
France). Special attention has been paid to phosphorus (P), an element that occupies a predominant
place in the study of eutrophication process.

Results showed that Champsanglard sediment contained a relatively high stock of water-mobilizable
colloids (over 5.4 g/kgpw-sed), along with the associated colloidal P constituted of approximately 4%
total sedimentary P and 81% - 93% total water-mobilizable P (fraction < 1 um). The mass and size
distribution of released colloids, as well as the amount of colloidal and dissolved P, Corg, Fe, Ca, Mn,
Al and Mg, differed by a factor of up to 26 depending on colloid separation protocols. The loss in
colloidal mass upon membrane clogging during direct filtration was mitigated by means of a
preliminary separation of particles through filtration and centrifugation, while successive
centrifugations led to the potential overestimation of colloid quantity due to incomplete separation
caused by presence of organic matter. Sediment storage impact at a greater extent on extracted
colloidal mass. In comparison with fresh sediment, drying decreased up to 40 folds the amounts of
colloidal and dissolved elements. Special attention should be paid to sediment storage and
separation protocols. According to our results, the characterization of colloids shall be done on fresh
sediment and with separation by successive filtrations or combination of centrifugation and
filtration. The comparison between sediment of different reservoirs should be based on similar
application of sample storage and colloid separation protocol, the definition of normalized protocol
would be thus required. It is strongly advised to avoid using solely centrifugation for colloid recovery
and sediment freeze-drying for long-term storage when working with sediments.

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/
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Abbreviations:

AF4 Asymmetric flow field-flow fractionation
ANOVA One-way analysis of variance

CFC Continuous flow centrifugation

CFF Cross-flow ultrafiltration

DIP Dissolved inorganic phosphorus

FFF Field-flow fractionation

ICP-MS  Inductively coupled plasma mass spectrometry
LQ Limit of quantification

MP-AES Microwave plasma-atomic emission spectrometer
P Phosphorus

Pwm Water-mobilizable P

S/L Dry weight solid-liquid ratio

TOC Total organic carbon

TP Total phosphorus

uc Ultra-centrifugation

UF Ultra-filtration

UPwW Ultrapure water

Introduction

Natural colloids (operationally defined as particles within the size range from 1 nm to 1 um) play a
key role in the fate and behavior of nutrients and contaminants in aquatic and terrestrial
ecosystems, given their ubiquity and reactivity (Buffle and Leppard, 1995a, 1995b; Lead and
Wilkinson, 2006; Baken, Regelink, et al., 2016; Gottselig et al., 2017; Gu et al., 2018; Yan et al.,
2017). Despite the significance of colloids in the balance of mobile nutrients in natural environment,
the state of knowledge is rather poor regarding colloids in dam reservoirs and, more specifically,
colloids being mobilized from the bottom sediments of these systems. It should be noted that
reservoir sediments are generally enriched in biogenic elements since they are receptors of
elements from both the surrounding catchments and internal recycling in the column water (Wildi et
al., 2004; Teodoru and Wehrli, 2005; Maeck et al., 2013; Maavara et al., 2015; North et al., 2015;
Orihel et al., 2017; Hahn et al., 2018; Pestana et al., 2019; Palanques et al., 2020). In addition, their
specific hydrodynamics, which depends in part on the type of dam and how it is managed, can cause
sediment resuspension and thus contribute to the release of particles, colloids and ions through
vertical distribution to the overlying water (Galvez and Niell, 1992; Buermann et al., 1995; Effler and
Matthews, 2004; Filstrup and Lind, 2010; Cavaliere and Homann, 2012; Zhang et al., 2012; Cervi et
al., 2019).

The colloids in lake and reservoir water can be derived from several pathways, including inlet water,
the detachment and/or resuspension from bottom sediments, breakdown of larger aggregates
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(biological and inorganic debris) and/or in situ formation of mineral precipitates or organo-mineral
associations. In such systems, the increasing retention time promotes the entrapment and settling of
fine and colloidal material, which for example in large lakes and reservoirs accounts for 30% of the
inflowing suspended materials (Vorosmarty et al., 2003). The mobilization of colloids from bottom
sediments to overlying water (i.e. internal colloid load) is associated with natural mechanical
disturbances of sediment, or bioturbation (Pokrajac et al., 2007; Valipour et al., 2017; Phillips et al.,
2019; Schroeder et al., 2019; Gautreau et al., 2020). Mobilizable colloids from sediment may contain
the colloids settled from the water column and/or colloids generated within the sediments. Many
processes occurring within sediments may contribute to colloid generation, e.g. incomplete
decomposition of organic debris (Wilkinson and Lead, 2007), mineral precipitation in sediment pore
water (Lewandowski and Hupfer, 2005; Rothe et al., 2014; Rothe et al., 2016; Woszczyk, 2016;
Steiner et al., 2019; Vuillemin et al., 2019) or aggregate disintegration by the dissolution of
cementing agents (Newman, 2008; Henderson et al., 2012). Colloids might also be continuously
generated at the surface sediment-bottom water interface due to, for example: the mixing of
reducing sediment porewater with overlying oxic water, and the oxidation of iron and manganese
(Pakhomova et al., 2007; Chatellier et al., 2013; Corzo et al., 2018).

Several protocols for extracting and separating colloids from various matrices (soil, sediment and
water) have been proposed in the literature, including centrifugation and filtration (see Table 1).
Sedimentation, membrane filtration and centrifugation are simple methods that have been used in
many researches for studying aquatic colloidal particles over a long period and continuing through
today (Table 1). Each approach has distinct advantages but also drawbacks. For example,
conventional filtration with a 1-um membrane may underestimate the mass of colloids and cause a
serious error in the colloidal size class evaluation. A progressively clogged membrane during
filtration involves a decrease in effective membrane pore size and thus retains colloids (Morrison
and Benoit, 2001). On the other hand, centrifugation has been recommended for separating colloids
due to its advantages in overcoming the entrapment or interaction of colloids with the filter
membrane (Gimbert et al., 2005). However, when operated properly in a way that avoids membrane
overload and introduces multiple filters for large sample volumes (Morrison and Benoit, 2001),
filtration can compromise high recovery.

Moreover, the differences in techniques used for colloid extraction, separation and characterization,
plus the applied cutoff size could lead to differences in the colloidal size determination over the
dissolved fraction. Conventional colloidal size separation has often been carried out at 1 um for the
upper colloidal fraction threshold, while the lower threshold for isolating colloids from the dissolved
fraction has varied from one author to the next (Table 1). For example, Liu et al. (2014) considered a
colloidal fraction of between 0.02 um and 1 um, whereas Tang et al. (2009) placed the size of this
fraction at from 0.1 - 1.0 um. In some instances, no distinction lies between dissolved and colloidal
fractions (Gimbert et al., 2006; Zirkler et al., 2012; Yan et al., 2017).

Regarding the widespread use of filtration, the problem of membrane clogging has been minimized
by proceeding with the pre-removal of large particles, e.g. by: sedimentation (Tang et al., 2009;
Missong et al., 2016), filtration at higher pore sizes (Gottselig et al., 2017), centrifugation (Sinaj et
al., 1998; Turner et al., 2004; Liang et al., 2010; Zang et al., 2013), and a combination of various
techniques (Shand et al., 2000). In addition, a wide range of colloid extraction methods are available;
these comprise: the choice of solid-liquid ratio (wpw/v) such as 1/8 (Missong et al., 2018), 1/10
(Buettner et al., 2014) and 1/20 (VandeVoort et al., 2013), matrix type (soil, sediment, surface,
groundwater) and its characteristics, and raw matrix treatment for storage before colloid extraction
such as wet (Missong et al., 2018), air-dried (Yan et al., 2017), oven-dried (Regelink et al., 2014) and
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lyophilization (Xu et al., 2019). The quantity of colloids in extracts varies from 0.03 to 1.7 g/L (Kaplan
et al., 1993; Yan et al., 2017) and from 260 to 1,320 mg/kg (Sinaj et al., 1998) in soil; from 122 mg/L
(Tulve and Young, 1999) to 200-2,400 mg/L (Murali et al., 2012) in sediment; and 0.7-8.6 mg/L (Hart
et al., 1993) in water. Nonetheless, it remains unclear whether the differences in quantity of
extracted colloids across studies have been induced by differences in sample characteristics or by
the colloid extraction/separation/characterization protocols and raw matrix conditioning.

The majority of available studies have focused on surface and groundwater, porous media and soils
(Grolimund et al., 1998; Kretzschmar et al., 1999; Ran et al., 2000; Bradford et al., 2002; Wolthoorn
et al., 2004; Murali et al., 2012; Baken et al., 2016; Yan et al., 2016; Gottselig et al., 2017; Missong et
al., 2018). Much less attention has been paid to lake and river sediments (Seaman et al., 1997; Tulve
and Young, 1999; Murali et al., 2012; Xu et al., 2019) and among them, no identical protocol is
observed.

The objective of this paper is twofold: 1) evaluate the role of various sediment storage modes (wet,
air-dried at 20°C, oven-dried at 40°C, freeze-dried) and various colloid separation protocols (direct
filtration, successive filtrations, low-speed centrifugation and filtration, high-speed centrifugation
and filtration, successive centrifugations) on the characteristics (mass, size distribution and
composition) of water-mobilizable colloids from reservoir sediment; and then 2) propose
recommendations for future studies. All tests were performed on organic P-rich sediment sampled
in a hydroelectrical dam reservoir located in a granitic catchment and periodically impacted by
eutrophication (Champsanglard, France). Special attention was paid to the dissolved and colloidal P,
by virtue of its key role in the algal bloom process (Zhang et al., 2019).

Materials and methods

1. Sediment sampling and preconditioning

Sediment was collected in the middle channel of the Champsanglard dam reservoir (46°15'41.69"N,
1°53'30.49"E) on the Creuse River (France). This reservoir, with a surface area of 0.55 km?, a total
storage volume of 3.56 hm? and a water depth of up to 19.4 m, exhibits thermal and oxygen
stratification along with a significant bloom of microalgae during the summer period (Rapin et al.,
2019b). Surface sediment (up to 10 cm) was collected from the reservoir bottom (approx. 9 m)
during mid-May 2018 using an Ekman grab. The sediment was manually homogenized and preserved
in polyethylene bottles previously rinsed with reservoir surface water. All bottles were kept in an
icebox during transportation. In the laboratory, the wet sediment was immediately sieved through a
2-mm mesh and separated for four different conditionings: 1) one portion was kept at 4°C (denoted
"wet"), 2) another portion was air-dried at ambient temperature (20° £ 1°C) for 2 weeks (denoted
"air-dried at 20°C"), 3) another portion was dried in an oven at 40°C for 5 days (denoted "oven-dried
at 40°C"), and 4) the last portion was freeze-dried using a lyophilizator (Cryotec, COSMOS-80) for 4
days (denoted "freeze-dried"). Table 2 presents the general physicochemical characteristics of this
sediment.

The water loss on drying of sediment was determined as the percentage of mass loss after drying at
105°C until unchanged mass. The pH of sediment was measured on a suspension of wet sediment in
ultrapure water with ratio of 1/1 (w/v) according to Method 9045D (US EPA 2015). The grain size
(D50) of sediment was measured by laser diffractometer (MasterSizer 3000, Malvern) on wet
dispersion under ultrasonic field in ultrapure water. Particle density was determined by drying a
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certain volume of wet sediment at 105°C until unchanged mass. The particle density was then
calculated as bulk density minus the pore spaces occupied by air and water according to following
equation:

M dry sediment
Bulk density (g/cm3) = 4 (9)

V sediment (cm?3)

M moist sediment — M dry sediment
Porosity (%) = 10(()%)* a0) 4 ) * 100%

Bulk density (g/cm?)
1 — Porosity (%)

Particle density (g/cm?) =

The organic matter (OM) content was calculated by percentage of mass loss during calcination at
550°C for 2 h. The measurement of total P in sediment was performed according to the method of
Ruban et al. (2001) in which calcinated sediment was digested with HCI 3.5 M for 16 h. Digested
solution was centrifuged at 2000 g for 15 min, filtered through 0.45 um cellulose acetate membrane
(LLG Labware) and measured of dissolved phosphate by spectrophotometry (see part 3.2). The
determination of total contents of Fe, Al, Ca, Mn and Mg was based on a microwave-assisted
digestion procedure with concentrated peroxide (Merck, 30%), HNO; (Fisher, 65%) and HCI
(Normapur, 37%) (Multiwave Go, Anton Paar) for 40 min at 180°C according to method 3015a (US
EPA, 2007). The contents of Fe, Al, Ca, Mn and Mg in digested solution were determined by
microwave plasma atomic emission spectroscopy (Agilent, MP-AES 4100) (See section 3.2).

2. Colloid extraction and separation

Throughout this study, the focus will be placed on the fraction of large colloids with a size ranging
between 0.2 and 1 um.

2.1. Extraction

Colloid extraction was carried out from sediment suspension prepared by adding 150 mL of
ultrapure water (UPW) to a 15-g equivalent of wet sediment. The ratio of dried solid/liquid (S/L)
equaled 1.7% (wow/V). Sediment suspensions were agitated for 24 h at 200 rpm using an orbital
shaker (IKA-WERKE, KS 501 digital). Since drying involved significant sediment consolidation, before
colloid extraction, the dried sediments were submerged in UPW for 2 days to soften, then gently
hashed using a stainless spoon and shaken manually to disperse sediment particles. Dried sediments
were not powdered so as to avoid a grinding process that would generate new colloidal particles.

2.2. Separation
The effect of the various colloid separation protocols was solely assessed on wet sediment.

Five such protocols were applied on the wet sediment in order to isolate the fraction smaller than 1
um from sediment suspension. The separation protocols were selected according to reviews found
in the literature (Gimbert et al., 2005, 2006; Liang et al., 2010; Murali et al., 2012; Liu et al., 2014,
Regelink et al., 2014; Séquaris et al., 2013; Yan et al., 2017), consisting of sedimentation, filtration,
centrifugation or the combination of two techniques, as presented in Figure 1.

a) Direct filtration: Sediment suspension was decanted for 2 h by gravitation which allow to settle
down large particles. According to the quality of decanting or centrifuging matters (mineral,
organic or mix), the size cut-off would be different (Klitzke et al. 2012). Considering average
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b)

c)

d)

density of sediment, 2 h of decantation would settle the particles larger than 42 pm (d = 2.417

g/cm?3); for organic particles (d = 1.2 g/cm3), the cut-off size would be 112 pm. then, the

supernatant was filtered through a 1-um filter. The cut-off size was calculated from equation (1):
where:

2 [18XnX Vv
d= /L (1)
gx Ap
d: particle diameter (cm)

Ap: difference in particle density and suspension medium (pwater = 1.0 g/cm3)
n: dynamic viscosity of the suspension medium (n = 0.01 g/(cm.s))

v: settling velocity (cm/s)

g: gravitational acceleration (g = 9.81 cm/s?)

Successive filtrations: Sediment suspension was filtered through 2.7 um, and the filtrates were
then passed through a 1-um filter.

Low-speed centrifugation and filtration: Sediment suspension was centrifuged at 68 g for 15 min
to separate particles larger than 2.0 um (d = 2.417 g/cm?). In case of organic particles (d = 1.2
g/cm?), the cut-off size was 5.23 um. The centrifugates were then carefully pipetted out and
filtered through a 1-um filter. The centrifugation speed and time were calculated using the
equation (2), according to Gimbert et al. (2005):

__ 187 In(R/S)
T 02d2Ap 2)

where:

d: particle diameter (cm)

Ap: difference in particle density and suspension medium (p, = 2.417 g/cm®) (pwater = 1.0

g/cm?)

n: dynamic viscosity of the suspension medium (n = 0.01 g/(cm.s))

t: settling time (s)

R: distance from the axis of rotation to the settling level in the tube (R = 10.8 cm)

S: distance from the axis of rotation to the suspension surface in the tube (S = 5.5 cm)

w: angular velocity of the centrifuge (rad/s) as calculated by the following equation:

_271)<
w= 0 rpm

High-speed centrifugation and filtration: Sediment suspension was centrifuged at 272 g for 6 min
to remove particles larger than 1 pm (d = 2.417 g/cm3). In case of organic particles (d = 1.2
g/cm3), the cut-off size was 2.62 um. The centrifugates were then carefully pipetted out and
filtered through a 1-um filter.

Successive centrifugations: Sediment suspension was first subjected to centrifugation at 272 g
for 6 min to remove the fraction greater than 1 um (d = 2.417 g/cm?3) (Gimbert et al., 2005). The
supernatant was then gently pipetted out and submitted to the second centrifugation at 680 g
for 6 min to settle the particles greater than 0.2 um (d = 2.417 g/cm?). In case of organic particles
(d = 1.2 g/cm?), the cut-off size would be 2.62 um and 0.52 um for the first and second
centrifugation, respectively. The pellets after the second centrifugation were resuspended in
UPW by agitation for 30 min in order to obtain colloidal suspension of 0.2 - 1 um. The
supernatants were also gently pipetted out and represented the fraction smaller than 0.2 um.

For the four protocols (“a” through “d”), an aliquot of obtained suspension (fraction smaller than 1
pum) was passed through a 0.2-um filter.

All filtrations at 2.7 um and 1 um were conducted with glass microfiber (VWR), which features a
higher chemical resistance, pH resistance and biological inertia, and at 0.2 um with a cellulose
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nitrate membrane (Whatman). All centrifugations were performed using both a centrifuge (Thermo
Scientific, Multifuge X3 FR) and a rotor (Thermo Scientific, FIBERLite F14-6x250LE). All experiments
were run in triplicate.

Protocol “d” (combining centrifugation at 272 g and filtration at 1 um, see Fig. 1) was selected for
investigating the various sediment storage modes (wet, air-dried, oven-dried at 40°C, freeze-dried).

3. Colloid characterization
3.1. Colloid concentration and size distribution

The quantity of colloids was determined by gravimetric method. The filtrates at 1.0 pum (protocols
“a” to “d”) and suspension 0.2 - 1 um (protocol “e”) were passed through a 0.2-um filter to retain
the large colloidal fraction (0.2 - 1 um), and the filters were oven-dried at 30°C until the mass
remained unchanged. The colloidal concentration was quantified as a dry mass of colloid divided by
the dry mass of sediment (Wpw-colioid/Wbw-sed). The particle size distribution of colloids was
determined based on a dynamic light scattering technique using ZetaSizer NanoZS (Malvern) on the
0 - 1 um (protocols “a” to “d”) and 0.2 - 1 um (protocol “e”) suspensions. The material refraction
index was set at 0.18 and the material absorption equaled 0.001. The angle of measurement was
173° backscatter; measurements started with a 120-second equilibration, followed by three
measurements with an automatic selection of running times and optimal measurement position.

The size distribution was presented according to number-based DLS data.

IM

3.2. Chemical analysis for TP, Fe, Al, Min, Ca, Mg, TOC

All chemical analyses were conducted on two fractions: 0 - 1 um and 0 - 0.2 um. The 0.2 - 1 um
fraction was determined by the difference between these two fractions across all separation
methods, except for protocol “e” since the resuspended solution had already presented colloids
sized 0.2 -1 um.

Total organic carbon (TOC) was measured using a TOC analyzer (Analytik Jena, multi N/C 2100S) with
an LQ of 1 mg C/L. The organic content analysis was carried out with onboard magnetic stirring in
order to avoid colloid aggregation and decantation.

Measurements of Fe, Al, Mn, Ca and Mg contents were recorded using MP-AES (Agilent, MP 4100).
The LQ were: 30 pg/L,20 pg/L, 7 pug/L, 12 pug/L and 1 ug/L, respectively. For the fraction smaller than
1 um, prior to analysis the samples were acid digested with aqua regia, as presented in Method
3015a (US EPA, 2007) using a microwave digestion system (Anton Paar, Multiwave GO).

Total released phosphorus (TP) was analyzed after persulfate digestion according to Method 365.1
(US EPA, 1993). This method converts all forms of P into orthophosphate by autoclaving at 121°C for
30 minutes with ammonium persulfate and sulfuric acid. The content of digested orthophosphate, or
dissolved inorganic phosphorus (DIP), was then measured by means of spectrophotometry using
ammonium molybdate and antimony potassium tartrate, according to the method described by
Murphy and Riley (1962). The amount of DIP was determined by the absorbance of molybdenum
blue P, in conjunction with a UV-visible spectrophotometer at 880 nm (Agilent 8453 UV-visible
spectrometer), using 1-cm cuvettes. Results were expressed in mg P/L. The limit of quantification
(LQ) for this method is 0.01 mg P/L.
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Four fractions of P could be determined: water-mobilizable P (Pwwm: TP in the fraction smaller than 1
pum), large colloidal P (TP content in the 0.2 - 1 um fraction, as identified by subtracting TP< 0.2 um
from Pww), small colloidal P (TP in the fraction smaller than 0.2 um minus the dissolved P, as found
by subtracting DIP< 0.2 ym from TP< 0.2 um), and dissolved P (evaluated by DIP in the fraction smaller
than 0.2 um). By this fractionation step, the small colloidal P covers P-colloids less than 0.2 um,
whereas large-colloidal P includes P-colloids from 0.2 to 1 um.

4. Statistical analysis

A one-way analysis of variance (ANOVA) and two-tail t-test were used to analyze the significance of
the differences between colloid separation methods and sediment storage modes at a 0.05 level of
significance. The possible correlation between colloidal P and other colloidal elements was
measured by means of the Pearson correlation coefficient R2. All statistical analyses were run on
Microsoft Excel, enhanced with Analysis ToolPak, XLSTAT and XL Toolbox NG.

RESULTS AND DISCUSSION

1. Separation protocols
1.1. Effects on the quantity of separated colloids and their size distribution

The mass of water-mobilizable colloids (0.2 - 1 um) obtained according to five separation protocols is
presented in mg colloid/gow-sed of sediment (Fig. 2). The colloid quantity varied between 5.4 + 0.6
mg/gow-sed for direct filtration (protocol “a”) and 21.2 + 1.5 mg/gpw-sed for successive centrifugation
(protocol “e”), which corresponds to a factor of 4 across the tested assays.

When comparing protocol “a@” with pre-separation filtration protocols “b” through “d”, the
introduction of a pre-separation step by filtration or centrifugation prior to filtration at 1 um induced
an increase of 1.5 to 2 times the mass of obtained colloids (from 7.3 + 0.2 to 14.7 * 0.4 mg/gpw-sed)
relative to direct filtration at 1 um (5.4 + 0.6 mg/gow-sed). The lower mass of colloids obtained by
direct filtration, compared to “pre-treated” separation methods, is typically associated with
membrane fouling, which decreases the flow rate due to an accumulation of particles at the surface
(cake layer formation) or inside the membrane pores (Speth et al., 2000; Gimbert et al., 2005; Tang
et al., 2009). Cake layer formation is driven by both particle diameter and filter porosity with larger
flocs/particles creating a thicker cake (Shirazi et al., 2010). Introduction of the pre-separation step
therefore helped reduce the deposition of coarser particles and resulted in an increase of colloid
qguantity passing through the 1-um membrane. The decantation carried out prior to filtration in
protocol “a” was insufficient to limit this phenomenon. However, the quantity of isolated colloids
could also be decreased by colloid interaction with the filter or by attachment to larger particles
retained by the membrane during filtration or aggregation to larger floc (Buffle and Leppard, 19953;
Stumm and Morgan, 1995). These interactions are not well understood, and more studies are
needed to reveal the complex interactions taking place between colloid and membrane.

Application of a pre-centrifugation step (protocols “c” and “d”) showed lower colloid recovery when
compared with protocol “b” (pre-filtration at 2.7 um), 10.5 £ 0.5 and 7.3 + 0.2 against 14.7 £ 0.4
mg/gow-sed, respectively. The mass of colloids further decreased by approximately 30% as the
centrifugal force increased from 68 g (protocol “c”) to 272 g (protocol “d”) yet remained at least 1.4
times higher than direct filtration (protocol “a”). Separation by centrifugation could bring particles
into closer contact and enhance aggregate formation (Vauthier et al, 2008). An increase in
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centrifugal force likely resulted in greater colloid collision and aggregation. Colloidal aggregates
larger than 1 um would be eventually separated in the subsequent filtration and could explain the
lower mass observed in pre-centrifugation protocols. However, aggregate formation upon pre-
centrifugation cannot be demonstrated in this study since no significant size discrimination for large
colloids in the colloidal fraction (0.2 - 1 um) were observed between two centrifugal speeds;
moreover, for large aggregates, the size distribution of the particle fraction (i.e. above 1 um) was not
recorded herein. Although pre-centrifugation induced important mass loss of recovered colloids in
subsequent filtrations compared to the successive filtration protocol, pre-centrifugation did remain
a good solution for overcoming membrane clogging during direct filtration without any significant
change in size distribution.

For successive centrifugation without filtration at 0.2 um (protocol “e”), the colloid quantity was
considerably higher than for the other protocols (by a factor ranging from 1.4 to 5), and the size
distribution of obtained colloids revealed the presence of particles larger than 1,000 nm (Fig. 3).
Meanwhile, the expected size was between 200 and 1,000 nm. During two successive
centrifugations, the first aimed to remove particles larger than 1 um and the second to separate
colloidal from the conventional “dissolved fraction” at 0.2 um. The appearance of particles larger
than 1 um after two successive centrifugations could be ascribed to an incomplete separation,
caused by the heterogeneity of particle density and/or colloid aggregation/flocculation under high
centrifugal forces. Particle density has an important role on the cut-off of colloidal particles
separated by centrifugation using Stoke’s law. The particles with lower density (for example organic
particles) travel at a lower rate and at some point, will be separated from particles with higher
density. Therefore, organic matter dominated particles would give a larger size cut-off than the
particles dominated by minerals when subjected to the same centrifugation procedures (Klitzke et
al., 2012). According to our calculation, at the centrifugation speed of 272 g and 680 g and
considering density of 1.2 g/cm3 (for organic particles), the size of separated colloids was estimated
to be 2.62 um and 0.52 um, respectively. The presence of particles larger than 1000 nm (Fig. 3) is a
hint for presence of organic colloids. Moreover, as shown in figures 5a and 5b, the major component
of separated colloids was organic carbon (9-12%). Thus, the colloids separated from studied
sediment contained high amount of organic matter (estimated as 15-21% by a factor of 1.72 of total
organic carbon). The incomplete separation of colloids during successive centrifugation (protocol
“e”) and associated higher size cut-off of separated colloids could be related colloid composition
(with high organic content).

On the other hand, high density of colloids could favor colloid assemblies. Aggregation/flocculation
may occur in the pellets or through colloid collision/agglomeration within supernatant (Salim and
Cooksey, 1981; Baalousha, 2009; Maria et al., 2020) to form large aggregates/flocs. In general, the
supernatant obtained from the first supernatant could contain particles, colloidal and dissolved
fractions.

When considering incomplete separation and aggregation with respect to the second-centrifuged
supernatant, the presence of colloids larger than 0.2 um could be expected even after the second
centrifugation step. This has been confirmed by means of a size analysis of the fraction assumed to
be smaller than 0.2 um, in which 19% * 15% of particles were in the range of greater than 200 nm
for successive centrifugations, compared to 6% + 3% for the other protocols (Fig. S1). Nevertheless,
the presence of larger particles due to this incomplete separation has notably increased the
expected mass of colloids (Fig. 2) and can lead to overestimating the colloidal fraction. This finding
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highlights the importance of considering not only the weight of extracted colloids but also their size
distribution.

The large colloidal and dissolved fractions separated by all tested protocols contained high amounts
of organic, Al and Fe and lower contents of Ca, Mg and Mn (Fig. 5a and 5b). Chemical composition of
extracted colloids and dissolved fractions was related to composition of sediment (Table 2) which
was related to local geological context (mainly granitic). As shown in figures 4 and 5a, the masses of
P, OC, Fe, Al, Ca, Mn and Mg recovered in fraction lower than 1 um were respectively: from 30.1 £
2.1 to 85.3 £ 7.8 ug P/gpw-sed, 1330 + 160 to 3500 + 400 ug C/gpw-ses, 430 + 30 to 1300 + 100 pg
Fe/gow-sed, 750 + 70 to 2500 + 200 pg Al/gpw-sed, 460 £ 30 to 730 + 90 pg Ca/gow-sed, 8.8 £ 0.1t021.9 +
0.2 ug Mn/gow-ses and 115 £ 5 to 250 * 2 ug Mg/gow-ses. Water-mobilizable fraction (below 1 pm)
represented 2.1 — 6%, 0.7 — 1.8%, 0.5 — 1.6%, 0.5 — 1.9%, 5.4 — 8.6%, 0.5 — 1.5% and 0.7 — 1.4% of
total sedimentary P, OC, Fe, Al, Ca, Mn and Mg contents. The percentages were obtained under
experimental gentle agitation with UPW and probably did not represent all the mobilizable P-colloids
in natural system. The large colloids (0.2 — 1 um) represented 67 — 90%, 50 — 67%, 76 — 94%, 87 —
98%, 61 —67%, 54 —98% and 62 — 72% of P, OC, Fe, Al, Ca, Mn and Mg contents in water-mobilizable
fraction (below 1 um).

It is important to highlight that higher release of OC in large colloids (0.2 — 1 um) by successive
centrifugation protocol were concomitating with higher release of Al, Fe, Mg and P. In fraction below
0.2 um, this release of OC was with Al, Ca, Fe, Mg, P and Mn. This suggesting the remaining colloids
after centrifugation could be organo-mineral colloids.

Furthermore, there are difficulties in comparison potential of sediment to mobilize colloids with
other terrestrial systems as most of the studies presented colloid concentration by volume of
extract. Dissimilarities between the method used to extract and separate colloid, S/L ratio and cut-
off size for colloidal fraction do not allow straight comparison. However, to some extents, the
estimation of colloidal stock in sediment can be relatively determined. For example, Sinaj et al.
(1998) showed colloid concentrations of 0.26 — 1.32 g/kgow-soil in Ap horizon soils for fraction 0.025 —
0.45 um separated by centrifugation combining filtration and with similar S/L ratio of 1/10 to
present work. Our sediment showed a colloid concentration of 7.29 — 10.52 g/kgpw-sed for fraction
0.2 — 1 um by similar separation protocol (protocols “d” and “c”). Hence, the amount of colloids in
reservoir sediment is 7 — 10 times higher than in soil reported by Sinaj et al. (1998). This drastic
variation might indicate the higher potential of reservoir sediment to release colloids than in soil.
However, it should be noted a different in cut-off size can derive incomparable data; as taken into
the work of Yan et al. (2017), large colloids (0.45 — 1 um) contributed lower proportion
(approximately 38 %) than small colloidal in total soil colloids (0.1 — 1 um) separated by successive
centrifugation.

1.2. Effects on water-mobilizable phosphorus

The concentrations of water-mobilizable phosphorus (Pwwm) obtained from five separation protocols
are presented in three size-based forms: DIP; “small colloidal P” containing colloids sized below 200
nm; and “large colloidal P” containing P-colloids sized 0.2 um - 1 um. The concentration of Pwwm is
presented in pg of P per gow of sediment (Fig. 4).

The release of Pwm varied between 30.1 = 1.6 (direct filtration) and 85.3 + 9.6 pg P/gow-sed
(successive centrifugations) in proportion with the mass of colloids released from the sediment (R? =
0.88). The Pwwm distribution between dissolved, small and large colloidal fractions was relatively
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similar for all tested separation protocols, except successive centrifugations (protocol “e”).
Generally, Pwm presented mainly in large colloids (> 0.2 um; 67% - 90%). The lowest quantity of large
P-colloids was observed after direct filtration (protocol “a”, 23.1 + 2.0 pg/gow-sed), while the highest
amount was obtained after successive centrifugations (protocol “e”, 57.1 * 7.5 ug/gow-sed) and
varied proportionally to the mass of Pwm. The quantities of small colloidal P were less than 1.3 £ 0.6
pg/gow-sed and contributed up to 4% of Pwm for the separation protocols using filtration (protocols
“a” to “d”). As opposed to other protocols, namely the successive centrifugations protocol, a
significant contribution of small P-colloid was observed (30% + 3%). An increasing amount of small
colloidal P in successive centrifugations might be due to the remaining large colloids due to
incomplete separation in second-centrifuged supernatant. These colloids were organic or organo-
mineral considering their chemical composition (Fig. 5b).

The quantities of dissolved P were not strongly impacted by any of the separation protocols, with an
average of 4.5 + 1.1 pg/gow-sed, constituting 11% + 6% of Pwm and 0.3% + 0.1% of total sedimentary
P. As such, the total colloidal P in both the small and large colloids accounted for 1.7% - 5.8% of total
sedimentary P, which far exceeds dissolved P, thus highlighting the major contribution of P-colloids,
beyond the focus on truly dissolved P.

In comparison to studies on soil samples, in the present work, the contribution of colloidal P in
fraction lower than 1 um represented 81 — 93 %, which is relatively higher than the contribution of
colloidal P extracted from soils. For example, for agricultural soil, Liang et al. (2010) found that 25.5
% of total P in fraction below 1 um came from colloidal form and Liu et al. (2014) reported
proportions of 55.2 — 80.9 % for colloidal fraction between 0.02 — 1 um. In study performed on
wetland soils, Gu et al. (2018) found up to 70 % of nano and small colloidal P contributed to TP« .45 um
but in different size range 5 kDa — 0.45 um. Even though, the important proportions of the colloidal
P found in other studies and in our study highlight the significant contribution of this fraction to the
potential mobilization of P from sediment to the water column and the interest to improve
knowledge about this fraction.

1.3. Effects on the chemical composition of large colloids (0.2 -1 um)

Figure 5c presents the elemental composition of P, OC, Fe, Al, Ca, Mn and Mg in separated large
colloids. The P concentration obtained by successive centrifugations (protocol “e”) equaled 2.7 + 0.5
mg/gow-Colloid, Which was similar to the successive filtrations (protocol “b”, 3.14 + 0.12 mg/gow-colloid)
and low-speed centrifugation-filtration (protocol “c”, 3.6 * 0.3 mg/gow-colloid). However, these
concentrations were less than those in colloids separated by direct filtration (protocol “a”) and high-
speed centrifugation-filtration (protocol “d”), with 4.4 + 0.6 and 4.4 + 0.4 mg/gpw-colloid, respectively.
The concentrations of Ca, Mn and Mg in large colloids also varied across the separation protocols,
with higher values being observed for protocols “a” and “d” (i.e. 54.2 + 7.5 and 47.5 + 4.4 mg Ca/gpw-
Colloid, 1.6 + 0.2 and 1.8 + 0.5 mg Mn/gbw-colloid, 13.6 + 0.9 and 10.1 + 0.2 mg Mg/gbw-colloid,
respectively. Therefore, the higher concentrations of P for protocol “a” and “d” can be linked to
higher in concentrations of Ca, Mn and Mg. On the other hand, the difference in separation
protocols seems to exert no influence on the concentrations of OC, Fe and Al in large colloids (one-
way ANOVA: p > 0.05 for OC and Fe, t-test for each pair of means for Al), with average values of 105
+ 6, 56.5 + 7.0 and 114 + 13 mg/gow-colioid, respectively. For P, Ca, Mn and Mg elements, the low
concentrations in large colloids after separation by means of successive centrifugations, in spite of
the higher dry mass, may be caused by dilution due to the presence of large particles resulting from
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incomplete separation, because colloids have higher specific surface area than particles (Biermann,
1996).

On the whole, the successive centrifugations should be considered with caution since this technique
introduces a high probability of incomplete separation, which in turn can lead to overestimating
guantity and underestimating quality of the colloidal fraction. Special attention should be paid to
organic rich sediment which could induce higher error in size separation by this method and
overestimation of colloid mass and size. Among the four separation protocols using filtration,
successive filtrations provided the highest recovery in colloid quantity, whereas high-speed
centrifugation and filtration delivered lower colloid quantity, though with colloids richer in P
content. In the next section, as regards the role of P in the aquatic environment, an assessment of
several sediment storage modes will be conducted from the colloid separated by high-speed
centrifugation and filtration (protocol “d”) in order to obtain colloids with elevated P contents.

2. Sediment storages
2.1. Effects on the quantity of extracted colloids and their size distribution

The mass of large colloids (0.2 - 1 um) and the size distribution of the fraction smaller than 1 um are
presented in Figures 6 and 7, respectively. From here, the wet sediment will be considered as a
reference when assessing the influence of various sediment drying on the quantity and quality of
water-mobilizable colloids obtained according to protocol “d” (high-speed centrifugation and
filtration, Fig. 1).

As displayed in Figure 6, various modes of sediment storage prior to colloid extraction performed
strong influence on the quantity of colloids actually yielded. The mass of colloids (0.2 - 1 pm)
obtained from the wet sediment was 7.3 * 0.2 mg/gow-sed, as decreased by 18% and 28% after
sediment drying at 20°C and 40°C, respectively, and by 82% after freeze-drying. Sediment drying had
also exerted an impact on the size distribution of water-mobilizable colloids (Fig. 7). In the first part
of this study, we showed that when the “d” protocol was used for colloid separation, 94% of the
released colloids were sized smaller than 450 nm; also, colloids sized 0 - 50 nm did not appear in
extracted supernatant from the wet sediment. We noted that even after sediment drying and
rewetting, this fraction remained undetectable. We did however observe an impact of sediment
drying on the 50 - 100 nm, 100 - 220 nm and 220 - 450 nm fractions. The percentages of colloids
sized 50 - 100 nm declined significantly, i.e. from 29% * 1% in wet sediment to less than 5% in dried
sediment regardless of the drying mode, whereas the percentage of the 100 - 450 nm fraction
increased from 65% * 14% for wet sediment to 95% + 2% for dried sediment.

The observed decrease in colloidal mass and the change in colloidal size distribution may be due to
two phenomena: (i) an increase in the hydrophobicity and/or (ii) an aggregation occurring during the
evaporation of water by desiccation and freeze-drying. The first phenomenon concerns an increase
in water repellency on solid surfaces during drying, which implies an increase in the hydrophobicity
of solid phases (Dekker et al., 2001; Klitzke and Lang, 2007). The intensification of hydrophobicity
involves the retention of colloidal particles on the surface of solids, and thus affects their
dispersibility after rewetting (Klitzke and Lang, 2007). It is also postulated that colloids become more
hydrophobic during drying and become less mobile after rewetting (Klitzke and Lang, 2007; Wan and
Wilson, 1994). Another possible explanation for the decrease in colloid recovery after drying is
aggregation. During water elimination, the cohesive forces of capillary-bound water increase with
the decrease in pore water pressure and thus increase the effectiveness of bridging and cementing
materials (Munkholm and Kay, 2002). Especially during freeze-drying, through the sublimation of ice
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crystals, the water molecular layers in electrical double layers are limited, which in turn enhances
short-range attractive forces and accelerates both colloid-colloid and colloid-particle flocculation
(Dagesse, 2011). Moreover, the duration of drying process plays an important role in colloid mobility
(Majdalani et al., 2008; Mohanty et al., 2015). Drying would initially enhance colloid release because
during the early period of drying, pore walls are broken under capillary stress that favor colloids
generation. However, after a critical period of 2.5 or 9 - 11 days, according to cases cited in Mohanty
et al. (2015) and Majdalani et al. (2008), the quantity of mobilized colloid decreases. This
phenomenon was explained by the precipitation of salts and minerals in pore water during
evaporation, which according to the authors serves to bind colloids and prevent their mobilization
during rewetting (Majdalani et al., 2008). Moreover, further drying can lead to the hydraulic
disconnection of previously saturated pores and might limit the diffusive transport of colloids from
matrix to solution (Mohanty et al., 2015). It is therefore possible that in our study the important
decrease in mass of large colloids was associated with the precipitation of dissolved Fe and Al during
drying (2 weeks for 20°C-dried sediment, 5 days for 40°C-dried sediment and 4 days for freeze-dried
sediment). As shown in Figure 8b, in most cases, a lower release of Fe and Al in the fraction below
0.2 um (generally defined as dissolved) was observed when using dried sediments as compared to
wet ones. The release of Fe from wet sediment to the fraction smaller than 0.2 um amounted to 78
+ 22 ug/gow-sed, dropping to 37 £ 9 ug/gow-sed, 25 * 22 pg/gow-sed and 14 £ 2 pg/gow-sed (p < 0.05) in
the experiments carried out on sediments dried at 20°C, 40°C and by freezing, respectively. For Al,
the release from wet sediment was 53 + 14 pg/gow-sed and significantly decreased after 40°C and
freeze-drying to reach 27 + 4 pg/gow-sed and 4.6 + 0.6 pg/gow-sed respectively (p < 0.05). The drying of
sediment at 20°C seems to exert no impact on the amount of dissolved Al. The lower release of
dissolved Fe for all dry modes and Al for 40°C-dried and freeze-dried sediments suggested that Fe
and Al precipitation may have played a role in the formation of cement bridges binding the colloids
to one another and/or the colloids with sediment particles; moreover, the dissolved Fe and Al could
interact with large colloids and promote their aggregation. Thus, colloids bound to sediment
particles (by cementation or increased solid phases/colloid hydrophobicity) and/or contained in the
aggregates larger than 1 um were eliminated during the extraction and/or separation steps or else
were not mobilized after rewetting. As shown in Figure 8a, a portion of large Al-, Fe- and Ca-colloids
were impacted by the processes described above at an intensity varying by sediment drying mode.
The lowest release of large Fe- and Al-colloids occurred after freeze-drying, with quantities of 80 +
30 and 160 * 40 pg/gow-sed respectively, corresponding to 0.11% and 0.12% of total sedimentary Fe
and Al, against 480 = 110 and 940 * 150 ug/gow-sed respectively (corresponding to 0.61% and 0.69%
of total sedimentary contents) found in colloids separated from wet sediment. The Ca quantities in
large colloids were similar across three sediment drying modes (p > 0.05), with an average value of
160 + 20 pg/gow-sed Which were two-times lower than for the wet one, and composed of 1.8% + 0.2%
of total sedimentary Ca. In contrast, it seems that large water-mobilizable OC-, Mn- and Mg-colloids
were not impacted by sediment drying at 20°C and 40°C, but only by freeze-drying. Their colloid
guantities in 20°C- and 40°C-dried sediments were: 870 + 60, 12 * 2 and 61 * 4 pg/gow-sed,
respectively, representing 0.45%, 0.82% and 0.36% of total sedimentary OC, Mn and Mg. These
guantities of OC, Mn and Mg in large colloids dropped to 290 + 30, 0.6 * 0.6 and zero pg/gow-sed
when the sediment was freeze-dried, thus representing lower proportions in total sedimentary
contents (0.15% and 0.04% for OC and Mn). Several studies have reported an increase in the
solubility of organic matter following drying, as attributed to microbial lysis and the disruption of
organic matter coatings on mineral particles (e.g. Bartlett and James, 1980; Turner et al., 2003). A
greater release of dissolved and/or colloidal OC would thus be expected, but as presented in Figures
8a and 8b, differences in the OC pool in the 0 - 0.2 um and 0.2 - 1 um fractions remained relatively
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small (except for large OC colloids in the freeze-drying assay) and lied within the error expected for
replicate analyses. This finding indicates that air-drying and oven-drying cause no systematic
changes in OC release; furthermore, if the disruption of organic matter coatings on the mineral
particles occurred during drying pretreatment, then this step shall produce OC in the fraction larger
than 1 um and hence was not evaluated herein. Our results indicate the preferential immobilization
of inorganic colloids during air and oven drying comparing to organic colloids, which underline their
different mobility after drying. This result is consistent with the observations reported by Klitzke and
Lang, (2007) suggesting that the dispersibility of colloids after drying depends on their composition
and that organic colloids are more mobile than organo-minerals colloids. In addition, we observed a
decreasing release of large OC colloids in freeze-dried sediment, most likely due to the formation of
larger particles (or more hydrophobic) and their retention during the extraction and/or filtration
step. Freeze-drying is a common method employed to avoid microbial and chemical degradation in
samples (Sun et al., 2015; WeilRbecker et al., 2017; Wu et al., 2018). However, the use of freeze-
dried sediment instead of fresh sediment can result in a significant underestimation of water-
mobilizable OC, Fe, Al, Ca, Mn and Mg.

2.2. Effects on water-mobilizable phosphorus

The variation in Pwm quantities induced by the different sediment drying modes is presented in
Figure 9, in comparison to the reference (wet sediment). We observed that Pwwm recovery during
colloid extraction was significantly altered by the freeze-drying pretreatment step. The amounts of
Pwm extracted from wet, 20°C- and 40°C-dried sediments were comparable, at 36 + 3 pg/gow-sed,
whereas with freeze-drying, Pwm recovery decreased by a quarter compared to the initial value,
reaching 27 + 1 pug/gow-sed. A lower release of Pww from freeze-dried sediment is primarily due to the
decrease in large P-colloids and probably due to the same processes explaining colloidal OC
retention (see previous section). On the other hand, the sediment drying pretreatment step led to
an alteration in the size-based forms of Pwwm, regardless of drying mode, by increasing small-sized
colloidal P from 0.35 + 0.17 pg/g gow-sed for wet sediment to reach 2.5 + 0.7 ug/gow-sed for the 20°C-
dried and 4.2 + 0.7 pg/gow-sed for the 40°C-dried and freeze-dried modes. The small-sized P-colloids
only contributed 1.0% + 0.4% of total Pwwm in wet sediment, while this P fraction rose to 8% * 3% for
20°C-dried, 11% + 3% for 40°C-dried and 16% + 2% for freeze-dried sediments. Thus, air-, oven- and
freeze-drying generated small-sized colloidal P, probably in the range of 100 - 200 nm, in accordance
with an increase in the 100 - 220 nm sized fraction (Fig. 7). In sediments, P can be associated with
the organic fraction and with primary and/or secondary minerals, which are mostly composed of Fe,
Mn and Al oxi-hydroxides and Ca phases (Pettersson et al., 1988). According to the literature, drying
may induce the solubilization of small-sized P-colloids because of microbial cell lysis and/or organic
matter solubilization through disrupting the mineral particle organic coating (Turner et al., 2003).
However, as indicated in Figures 8a and 8b, the expected increase in OC release was not observed
for dried sediments. A greater release of Ca and Mg in the 0 - 0.2 um fraction from all dried
sediments (Fig. 8b) suggests that small P-colloids released from dried sediments originated rather
from inorganic particles and were or still are associated or generated along with Ca and/or Mg. It is
also possible that a portion of small-sized P colloids was produced by the (co)precipitation of DIP
during drying. As shown in Figure 9, the amount of dissolved P decreased from 4.7 + 0.1 ug/gow-sed
for wet sediment to 3.0 £ 0.1 pg/gow-sed, 2.0 + 0.4 and 2.6 + 0.2 for 40°C-dried, 20°C-dried and
freeze-dried sediments, respectively. Thus, across all sediment storage modes, the principal fraction
of Pwm came from large-sized colloidal P (i.e. larger than 0.2 um), which varied from 75% + 4% to
87% + 8% of Pwwm, against 5% * 1% to 13% + 1% for truly dissolved P. Therefore, the large-size
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colloidal fraction plays a substantial role in the mobilization of P from sediment to aqueous phase.
The Pwwm recovered from wet and dried sediments represented 2.4 + 0.3% of total sedimentary P.

2.3. Effect on chemical composition of colloids

The total mass of recovered elements (P, OC, Al, Fe, Ca, Mg and Mn) in 0.2 — 1 um fraction represent
37 £ 2% of the mass of large water-mobilizable colloids released from wet, 20°C-dried and 40°C-
dried sediments and 51% of the mass of colloids released from freeze-dried sediments. Taking into
account the local geological context of Champsanglard reservoir (i.e. mainly granitic (Rapin et al.,
2019a)), the missing mass is probably due to Si, Na, K and other elements (not evaluated in this
study). When considering the measured elements, we can conclude that the major components of
large colloids mobilized from wet sediment were: Al (128 + 18 mg Al/gpw-coloid) and OC (123 + 19 mg
C/gow-colloid), followed by Fe (67 + 13 mg Fe/gow-colloid) and Ca (48% 5 mg Ca/gow-colloid), With a smaller
share ascribed to Mg (10.1 + 0.2 mg Mg/gbw-colioid), P (4.4 * 0.3 mg P/gpw-colloid) and Mn (1.8 + 0.5 mg
Mn/gow-colloid). Sediment drying affected differently the release of individual elements in colloidal
form, so the chemical composition of recovered colloids depended on the sediment drying mode.
For example, sediment drying at 20°C (compared to wet sediment) favored the release of colloidal
OC and lowered the release of colloidal Ca, whereas drying at 40°C favored the release of colloidal P
(1.5 times higher) and decreased the release of colloidal Ca. Freeze-drying drastically favored the
release of colloidal P (3 times higher), Ca (2.6 times) and OC (1.5 times) while decreasing by a factor
of 5 the release of colloidal Mn and by 10 the release of Mg (Fig. 8c). Freeze-drying resulted in
releasing the lowest quantity of colloids compared to wet and 20°C-dried or 40°C-dried sediments.
However, it is noticeably that freeze-drying led to enriching large colloids by P and Ca.

Conclusion and Recommendations

Based on our experimental data, it can be concluded that diversification in applied separation and
sample storage induce significant variation in quantity and physicochemical characteristics of
recovered colloids. Apart from confirmation that loss of colloids by membrane fouling during
filtration can be improved by introducing a pre-separation step via filtration at a greater pore size or
with centrifugation. The successive centrifugations, a usual alternative protocol for filtration, also
showed obstacle in size accuracy. The incomplete separation between colloids and particles under
centrifugal forces in our cases highlights the participation of colloid aggregation/flocculation and of
heterogeneity in particle density. The latter one refers to difference in density of organic and
inorganic particles, hence, chemical composition of sediment strongly affected the colloid
separation. Those sediments rich in organic matter like our case could result in overestimation of
colloid quantity obtained with these successive centrifugations.

As opposed to the impact of varying separation protocols on colloid quantity, changing the sediment
storage modes (drying at 20°C, at 40°C and by lyophilization) led to a critical modification in both
quantity and characteristics of recovered colloids (size and chemical composition). The drying of
sediment decreases colloids quantity and altered their size distribution by increasing
small/intermediate-sized colloids and decreasing nano-colloids. Furthermore, organic colloids
behave differently to mineral-rich colloids upon drying. Mineral or organo-mineral colloids could be
prone to immobilization in sediment structure after drying than organic colloids due to cementation
and increase of sediment/colloid hydrophobicity. Therefore, the common storage by drying at 20°C
is not appropriate for sediment’s colloid characterization.
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From these considerations, effect of colloid separation and sample storage on colloid recovery are
specific to sample characteristics and experimental approaches. Dissimilarities in colloid quantity
and characteristics are at a factor up to 40 depending on sample storages and up to 26 according to
colloid separation protocols. Hence, this may drastically alter the interpretation of how sedimentary
colloids behave in situ. No standard methods currently exist for either sediment storage or colloid
separation prior to the quantification of water-mobilizable colloids. Straight comparison of colloid
composition in sediment or soils cannot be done unless special care should be paid to solid
composition, solid storage and colloid separation protocol.

Based on our findings, we recommend working with fresh moist sediment and to elude the use of
successive centrifugation protocol for colloid separation.

Apart from an insight to the heterogeneity between colloid extraction protocols, this study also shed
a light on the strong potential of bottom sediment to release colloids and associated
contaminants/nutrients to surface water which has been rarely investigated in dam reservoir
context. To some extent, our data can enrich current knowledge on mobility of colloidal P in
reservoir context. Dam reservoir sediment exhibited a relatively high potential of water-mobilizable
colloids, with over 5.4 g/kgpw-sed and those colloids could deliver approximately more than 25 mg

P/ kgow-sed-
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Table captions

Table 1: Application of filtration, centrifugation and their combination for colloid separation.

Note: CNA: composite cellulose nitrate/acetate membrane, DI: deionized water, nd: not determined,
OM: organic matter, S/L: solid-liquid ratio by dry weight per volume, UC: ultra-centrifugation, UF:
ultrafiltration, UPW: ultrapure water

Table 2: Characteristics of sediment collected in the Champsanglard dam reservoir.

Figure captions
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Figure 1: Colloid extraction and separation protocols applied on wet sediment.

Figure 2: Variation in dry mass of the colloidal fraction sized 0.2 - 1 um by means of different colloid
separation protocols. The error bar depicted 1 SD.

Figure 3: Effect of colloid separation protocols on the size distribution of the water-mobilizable
fraction smaller than 1 um, except for protocol "e", which presents the 0.2 - 1 um fraction size. The
error bar depicted 1 SD.

Figure 4: Distribution of water-mobilizable phosphorus extracted from wet sediment using five
separation protocols. Large colloidal P sized from 0.2 — 1 um. Small colloidal P sized smaller than 0.2
pum. Dissolved P represented dissolved inorganic phosphate in fraction smaller than 0.2 um. The error
bar depicted 1 SD.

Figure 5: Impacts of colloid separation methods on the elemental composition, expressed per dry
mass of sediment for: a) large colloidal fraction (0.2 - 1 um), and b) fraction below 0.2 um;
versus c) the concentration per dry mass of large colloids (0.2 - 1 um). The error bar depicted 1 SD.

Figure 6: Effect of the rewetting of previously air-, oven-, and freeze-dried sediments on the dry mass
of colloids sized 0.2 - 1 um. The employed colloid separation protocol was high-speed centrifugation
combined with filtration (i.e. protocol “d”, Fig. 1). The error bar depicted 1 SD.

Figure 7: Effect of the rewetting of previously air-, oven-, and freeze-dried sediments on the size
distribution of the water-mobilizable fraction smaller than 1 um. The employed colloid separation
protocol was high-speed centrifugation combined with filtration (i.e. protocol “d”, Fig. 1). The error
bar depicted 1 SD.

Figure 8: Impacts of the rewetting of previously air-, oven-, and freeze-dried sediments on the
elemental composition, expressed per dry mass of sediment of: a) large colloidal fraction (0.2 - 1 um),
and b) fraction below 0.2 um; versus c) the concentration per dry mass of large colloids (0.2 - 1 um).
Extraction using the high-speed centrifugation protocol combined with filtration (i.e. protocol “d”,
Fig. 1). The error bar depicted 1 SD.

Figure 9: Distribution of water-mobilizable phosphorus extracted from wet and rewetted previously
air-, oven-, and freeze-dried sediments using the high-speed centrifugation protocol combined with
filtration (i.e. protocol “d”, Fig. 1). Large colloidal P sized from 0.2 — 1 um. Small colloidal P sized
smaller than 0.2 um. Dissolved P represented dissolved inorganic phosphate in fraction smaller than
0.2 um. The error bar depicted 1 SD.
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Extraction

Separation method

Colloid

Authors Matrix Storage Colloid size quantitative | Colloid quantity
method — -
Principal Operation method
Georgeville 24 h - S/.L: nd L
Kretzschmar et . Dispersant: DI | Wet sieving
clay loam soil | soaked . ! nd 0.05-0.5pm nd nd
al. (1995) . ) Mode: Centrifugation
Fraction: nd | soil o
agitation (2 h)
Havearth et al River and soil Store at Membrane filtration: 0.45, 0.22,
(19y9g7) ' waters 4°C nd Filtration 0.1 and 0.025 um (CNA) nd nd nd
Fraction: nd UF: 10 kDa and 1 kDa at 276 kPa
S/L:1/20
Dispersant:
Soil acetate buffer
Bergendahl & Fraction: < 6 Store at | (pH 5); UPW Filtration Membrane filtration: 0.7 um 0.47-0.95 um nd nd
Grasso (1998) mm ) 4°C Mode: (glass fiber filter) (peak at 0.65 um)
agitation at 30
rom (6, 18, 24
and 36 h)
S/L: 1/10
Dispersant:
Centrifl ti
Sinaj et al. Soil nano pure entrifugation Centrifugation: 2500 g (15 min) . 260 - 1320 mg/kg
. nd water combined . . 0.025-0.45 um Air dry .
(1998) Fraction: nd ! . Filtration: 0.45, 0.2 or 0.025 um soil
Mode: filtration
agitation (17
h)
Soil rich in Centrifugation Centrifugation: 1000 g (60 min)
Shand et al. oM Air-dr nd and succgessive Filtration: 1.6 um, 1.2 um, 0.7 0.22-12 um nd nd
(2000) Fraction: <6 4 filtrations um, 0.45 pm and 0.22 um ’ < H
mm UF: 100, 10 and 1 kDa
Turner et al. Soil . Air-dry S/L: 1/100 Centrifugation C.entrllfugatlon: 3000g (15 min)
(2004) Fraction: <2 (7 days) | Dispersant: DI filtration. UF Filtration: 1, 0.4,0.2 and 0.1 um 1kDa-1pum nd nd
mm y P S ’ UF: 100, 10, 3 and 1 kDa




Mode:
sonication at

650 W (5 min)
S/L: 1/10
Klitzke et al Soil \I/Dvlas’lc:);rsant: Filtration and Filtration: 1.2 um
(2008) ) Fraction:<2 | nd Mode: uC UC: particle diameter 4 and 10 250-900 nm nd nd
mm o nm
agitation (12
h)
S/L:1/8
. Soil Dispersant: DI | Centrifugation | Centrifugation: 3000 g (10 min)
Liang et al. . . . . . .
(2010) Fraction: <2 | Air-dry Mode: , filtration and | Filtration: 1 pm nd nd nd
mm agitation at uc UC: 300,000 g (2h)
160 rpm (24 h)
S/L: 1/5
Murali et al River c?ilssgﬁgfja:vzter
(2012) ) sediment Air-dry Mode: Centrifugation | 750 rpm (15 min) 20 -300 nm Dry at 100 °C | 200 - 2400 mg/L
Fraction: nd .
agitation (24
h)
S/L: 1/10
Zirkler et al. Soil ' Dispersant: DI F|ItraF|on, . F|Itrat.|on: 1..2 and 1 um N Maximum: 1200
(2012) Fraction: <2 | nd Mode: centrifugation, | Centrifugation: 78 g <1lum Turbidity NEU
mm agitation at 15 | UC UC: 124,000 g (1 h 17 min)
rom (16 h)
Ruptic and S/.L: 1/10 . .
. . s . Dispersant: DI | Sedimentation . .
Séquaris et al. siltic soil Air-dr Mode: and Sedimentation: 12 h 499 - 790 nm nd nd
(2013) Fraction: <2 Y o . . Centrifugation: 10,000 g (90 min)
mm agitation at centrifugation

150 rpm (6 h)




S/L:1/20

Sandy loam Dispersant: nd
VandeVoort et soil . Air-dry Mode: Centr.|fuga.t|on C.entrlfugatlon: 2300 g (3 min) 0.2-0.41 um nd nd
al. (2013) Fraction: <2 o and filtration Filtration: 0.2 um
m agitation (48
Gleyed S{L:l/ZO . . . . .
. Dispersant: DI | Centrifugation | Centrifugation: 3000 g (10 min)
Zang et al. paddy soil . ) . . .
(2013) Fraction: < 2 Air-dry Mode: , filtration and | Filtration: 1 um nd nd nd
) agitation (16 uc UC: 300,000 g (1h)
mm
h)
S/L:1/10
Dispersant: 2 Successive Centrifugation: 3195 g (3 min);
Buettner et al. Mineral soil | Store at | mM KCl i . & ’ & ’
(2014) Fraction: nd | 4°C Mode: centrifugation | 21,169 g (24 min) 2.3-430 nm nd nd
' o and UF UF: 10 kDa (14,000 rpm, 10 min)
agitation at
120 rpm (2 h)
S/L:1/8
Ultisol soil Dispersant: DI | Centrifugation | Centrifugation: 3000 g (10 min)
Liu et al. (2014) Eraction: nd Mode: , filtration and | Filtration: 1 um 0.02-1pum Dry at 100°C | nd
) agitation (24 uc UC: 300,000 g (2 h)
h)
S/L:1/8
. . Dispersant: Sedimentation . I .
Missong et al. Camk')lsol soil Fresh UPW , Sedm?entat.lon. 15-20 m|n' 350 - 400 nm Freeze
(2016) Fraction: <2 sample | Mode: centrifugation Centrifugation: 4000 g (4 min) (average size) drying nd
mm o UC: 14,000 g (60 min)
agitation at and UC
150 rpm (6 h)
S/L: nd
Soil Dispersant: nd
Luo et al. (2017) | Fraction: <2 | Air-dry Méde.: Sedimentation | Settle 24 h 96 - 181.nm nd nd
mm agitation (2 h); (mean diameter)

sonication (30
min)




S/L: nd

Forest land Dispersant:
Ma et al. (2017) soil . nd UWP Sedln.nentc?tlon Sfed|m.entat|on: nd 257.4 nm . nd nd
Fraction: and filtration Filtration: 1.2 um (Average size)
Mode:
11.5 um o
sonication
Ground S/L: nd
Mills et al. water and Dispersant: DI | Filtration and Filtration: 0.45 pum
d 0.02-0.45 d d
(2017) soil : Mode: centrifugation | Centrifugation: 8000 rpm (4.5 h) Hm : :
Fraction: nd agitation (1 h)
S/L:1/10
. Dispersant: DI
Soil ] . . L . <0.1 um nd
Yan et al. (2017) | Fraction: < Air-dry z/lftifi.on (24 i:ﬁ::ai::vaetion C?;g:::ﬁ?_tlzoznbggl g(8(8mni"lr:;1), 884 0.1-0.45 Dry at 105°C | 46.9 mg/L
0.05 mm gitation 14 & & 124008 0.45 - 1 um 29.2 mg/L
h); sonication
(15 min)
S/L: nd
Luvisol soil Dispersant: 10
mM NacCl . . Filtration: 0.45 um
Guetal (2018) | U3hate) i 4ry | Mode: Filtrationand | e 30\ b3 and 5 kDa (3400 g, 15 | > <D2 - 30 kDa nd nd
Fraction: <2 o UF . . 30 kDa - 0.45 pm
agitation (24 and 25 min, respectively)
mm .
h); sonication
(15 min)
Lake S(L:3/20 Sedimentation: nd
sediment Freeze- Dispersant: Sedimentation | UF: 1 kDa (concentration factor:
Xu et al. (2019) . NaHCO; ' ' 30-200 nm nd nd
Fraction: <2 | dry Mode: , UFand UC 25)
mm ’ UC: 15,000 g (10 min)

sonication




Siccit

Particle @ Water

pH Dso density  loss on om* P Fe Al Ca Mn Mg
drying
HmM g/cm? % % mg/gow-sed  Mg/Bow-sed Mg/Gow-sed ME/Bow-sed ME/Gow-sed  ME/Bow-Sed
Sediment 6.4+0.2 19%1 2417 184816 191 1.43+0.01 791 136+ 4 8505 1.5+0.1 17.2+0.0

*OM - organic matter





