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Chapitre V — Agrégation et dispersion de la fraction < 2um des luvisols

V.1. Résume (francais)

La migration des particules inférieures a 2 ym dans les pores du sol est
responsable du transfert préférentiel de contaminants variés et de la différentiation
texturale des luvisols. Les mécanismes d’agrégation et de dispersion des particules
argileuses sont supposés avoir un réle majeur dans ce processus de migration.
Cependant, ces mécanismes ont principalement été étudiés sur des minéraux
argileux purs et bien cristallisés plutét que sur des particules d’origine pédogénétique
et souvent dans des conditions physico-chimiques peu représentatives des
conditions du sol. Nous avons étudié I'impact respectif du pH et de la concentration
en calcium sur l'agrégation et la dispersion de particules argileuses issues d’un
luvisol sous des conditions représentatives de la solution du sol. Des approches
statiques et dynamiques ont été suivis pour étudier les interactions entre particules
sous l'effet de changements transitoires de la physico-chimie de la solution. A partir
de ces expérimentations, nous avons dressé un diagramme de phase des argiles du
sol en fonction de la concentration en calcium et du pH et nous avons identifié les
mécanismes associés avec la formation de ces différentes phases. Nous observons
que les particules issues de sol se comportent de fagon similaire aux particules
modeéles, en ce sens que leur comportement est influencé par le pH et la
concentration en calcium. L’effet de ces deux paramétres est couplé, et favorise
I'agrégation lorsque la concentration en calcium est élevée et / ou lorsque le pH est
faible. Ces effets sont réversibles sur une durée de temps correspondante a celle de
l'infiltration de I'eau de pluie dans les macropores, a I'exception de la dispersion des
particules induite par la dilution de la solution du sol. En resituant ces mécanismes
physico-chimiques par rapport a la chimie des eaux de pluie et de la solution de sols,
tirées d’'une revue de la littérature, nous avons établi le réle de ces mécanismes dans

le transport de particules dans I'eau circulant dans la macroporosité.
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Soil Chemistry

Aggregation and Dispersion Behavior in
the 0- to 2-pm Fraction of Luvisols

Romain Van Den Bogaert The migration of particles smaller than 2 pm in soil pores is responsible for
INRA the preferential transfer of various contaminants and for soil textural differ-
UR 1119 Géochimie des Sols et des Eaux entiation in Luvisols. Aggregation vs. dispersion mechanisms of clay particles

F-13100 Aix en Provence France are suspected to play a major role in this migration process. However, these

mechanisms have mostly been studied with respect to pure and well-crys-

2 e
Jérome Labille tallized clay minerals rather than pedogenetic particles and have often

Aix-Marseille Univ.

CNRS been performed under physicochemical conditions, which are poorly rep-
IRD resentative of soil conditions. We studied the respective impacts of pH and
CEREGE UMR 7330 Ca concentration on aggregation and dispersion behavior of clay particles

F-13545 Aix en Provence France in a Luvisol under conditions encountered in the soil solution. Both static

and dynamic approaches were followed in studying particle interactions

Solgllg/lf Lol and dynamics under transient phenomena. Based on these experiments, we
UR 1119 Gladhimie dles Solls o dles Baus have drawn a phase diagram for soil clays as a function of pH and Ca con-
F-13100 Aix en Provence France centrations and have identified mechanisms associated with the formation

of these different phases. We find that soil particle behavior in suspensions
is similar to that recorded for model clays in that they are driven by both
pH and Ca concentrations. These two parameters are interrelated and tend to
favor aggregation at higher Ca concentrations and/or lower pH. These effects
are reversible over the gravitational water time scale, with the exception of
dilution-induced dispersion. In situating these physicochemical mechanisms
within a literature review of rainwater and soil solution chemistries, we deter-
mine the expected role of these mechanisms on the transport of particles in
gravitational soil water.

Abbreviations: CCC, critical coagulation concentration; /, scattered intensity; g, wave
vector; SEM, scanning electron microscopy.

article migration in soil is responsible for: (i) the preferential transfer of vari-

ous contaminants bound to surfaces (Amrhein et al,, 1993; de Jonge et al,

1998,2004; Jacobsen et al., 1997; Laegdsmand et al., 1999; Ryan et al., 1998),
notably pesticides, microbes, pathogen viruses, and heavy metals and (ii) lessivage—
or argilluviation—which is defined as significant particle migration (Mercier et
al., 2000) from a departure upper soil E-horizon (eluviated) to an accumulation
Bt-horizon (illuviated) at the subsurface at the pedogenesis time scale. The latter
phenomenon is the major pedogenetic process for Acrisols, Alisols, Albeluvisols,
Lixisols, Luvisols, and Solonetz formations of the World Reference Base (WRB) soil
classification (Bockheim and Gennadiyev, 2000; FAO, 2006). It also serves the pedo-
genetic process involved in the formation of Argid of Aridosol subgroups, Molisols,
Oxisol kandic groups, and Spodosol alfic subgroups of the soil taxonomy classifica-
tion (Bockheim and Gennadiyev, 2000; Soil Survey Staff, 1998).
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Particle migration in soil decomposes over three stages: dis-
persion, transport, and fixation. Though numerous physical and
physicochemical mechanisms drive these steps (Kaplan et al,
1993; Le Bissonnais, 1996; Le Bissonnais et al., 1989; Michel et
al., 2010; Ryan and Elimelech, 1996; Ryan et al.,, 1998; Shang et
al,, 2008), their respective contributions are poorly understood.
It is widely known that variations in aqueous environment physi-
cochemical parameters modify interparticle forces and, thus, rela-
tive dispersion or aggregation of colloidal materials. Notably, the
stability of suspended particles is closely related to particle surface
charge properties, which vary depending on the ionic strength and
pH of the solution, the counter-ion type, and the organic mat-
ter adsorbed on particle surfaces (Goldberg and Glaubig, 1987;
Goldberg and Forster, 1990; Chorom and Rengasamy, 1995;
Abend and Lagaly, 2000; Tombacz and Szekeres, 2004; Furukawa
et al., 2009; Séquaris, 2010). In the case of clay particles, interac-
tions are complicated by their lamellar morphology, resulting in
the development of a permanent anionic charge on the basal sur-
face and a variable charge (amphoteric sites) on the broken edges
(Johnston and Tombacz, 2002; Tournassat et al., 2003). These
particularities of clay particles result in various aggregation modes
depending on the contributing surface charge (Hofmann, 1961;
Van Olphen, 1977). Electrolyte and pH concentrations have
an interrelated effect (Tombacz and Szekeres, 2004; Borgnino,
2013), as they simultancously influence clay suspension behavior.
The majority of these results were obtained through experiments
on pure and well-crystalline clay minerals (bentonite of volcanic
or hydrothermal origin, for example), which are considered here
as model minerals. However, soil particles have a more complex
mineralogical composition, are smaller in size, and exhibit poorer
crystallinity levels and a higher number of defects, which may af-
fect their reactivity (Goldberg and Forster, 1990; Liu et al., 1998;
Elsass, 2005). Thus, the results obtained for model clays may not
be directly applicable to soil minerals.

Moreover, the majority of stability experiments conducted
on model clay have been performed under ionic concentration,
pH, and suspended solid content conditions, which are rela-
tively different from conditions that are typically encountered in
soil solutions. Second, cluviated particles collected at the bases
of soil columns or lysimeters are typically released within the
first hour after a rain event (Laubel et al., 1999; Schelde et al.,
2002; Majdalani et al., 2008; Vendelboe et al., 2011), which cor-
responds to the time scale of gravitational water infiltration. To
our knowledge, this time scale and these specific physicochemi-
cal conditions have rarely been considered together in previous
stability experiments. Thus, results obtained under such experi-
mental conditions may not reflect processes that occur in soils.

The aim of the present work was to determine the contri-
bution of physicochemical mechanisms during argilluviation
processes. We thus examined (i) particle fractions smaller than
2 pm in a Luvisol (FAO, 2007), as this soil group is orthotypic
to argilluviation; (ii) physicochemical conditions encountered
in soils (pH, Ca concentration, and solid content [Cornu et al.,

2014]); and (iii) a duration typical of the percolation time for

gravitational water (1-5 h). The dispersion and aggregation dy-
namics of the soil colloids were monitored by laser diffraction.
We aimed at determining (i) whether model minerals are rep-
resentative of soil mineral stability; (ii) soil suspension stability
levels following a rain event; and (iii) proposing fate scenarios
for clay particles driven by physicochemical mechanisms within

typical soils undergoing argilluviation.

MATERIALS AND METHODS
Studied Material

The studied soil fraction (smaller than 2 pm), which is here-
after called lutum (Stichting voor Bodemkaartering, 1965), was
extracted from a Luvisol E-horizon that was already used for soil
column experiments by Cornu et al. (2014). This fraction is com-
posed mainly of smectite illite, kaolinite, chlorite, and quartz
(Cornu et al., 2014).

To extract a fraction smaller than 2 pum, 50 g of soil was dis-
persed in 1 L of ultrapure water and sonicated for 20 min at 47
kHz and 35 W. Labile organic matter was then oxidized through
the addition of 40 mL of H, O, (30%) and after subsequent heat-
ing of the suspension at 60°C for 12 h. The suspension was then
Na™ exchanged with NaCl (1 mol L™1) at pH = 7 for further dis-
persion (Lagaly, 2006). The salt surplus was eliminated through
several phases of ultrapure water rinsing until the conductivity
of the Na-suspension was lower than 5 1S cm™1. The suspension
was then left to sediment of 20.5 h at 20°C in accordance with
Stokes law, and the size fraction smaller than 2 pum was recovered
from the uppermost 20 cm of the suspension. The obtained Na-
suspension was then freeze-dried and stored for further testing.
This fraction contained 3.18% of organic C and exhibited a bulk
cation-exchange capacity (CEC) level of 41.1 cmol™ kg™! and
an average single platelet size of 0.114 £ 0.1 pum as measured by
transmission electron microscopy.

Sodium and Ca-suspensions were used in this study. The
Na-suspensions were prepared through the simple redispersion
of original Na-material in ultrapure water, followed by 12 h of
agitation and 20 min of sonication at 47 kHz and 35 W. The
Ca-suspensions were prepared by exchanging the Na-suspension
with 1071 M CaCl, under agitation conditions for 24 h and
through the elimination of salt surplus as previously described.
Both Na- and Ca-suspensions were prepared at 300 mg L.
a relevant solid content regarding soil solution (Cornu et al,,
2014), and were used within 10 d.

Characterization of Lutum Suspensions at a
Stationary State

The Na- and Ca-suspensions were set under different pH
or Ca concentration conditions through either the addition of
NaOH or HCl solutions at 101 or 1072 mol L~! or by adding
CaCl, solutions at 1072 up to 1 mol L~1. The suspensions were
then stirred for at least 12 h to reach a stationary state.
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Critical Coagulation Concentration

The critical coagulation concentration (CCC) of the Na-
suspension was assessed for 100 mL Na-suspensions with pH lev-
cls of 4.4, 5.9, and 6.6 (Table 1). The particle and aggregate sizes
were measured under stirring conditions at 15-s intervals over
the course of the experiment via laser diffraction (MasterSizer
3000, Malvern Instruments). Calcium chloride increments rang-
ing between 107> and 1073 mol L™! were added every 5 min.
The CCC value was defined as the Ca concentration range at

which the aggregate size jump occurred.

Electrophoretic Mobility
The electrophoretic mobility of particles in the Ca- and Na-
suspensions was measured as a function of pH and Ca concen-
trations (Table 1) via laser Doppler velocimetry light scattering
(ZetaSizer Nano ZS, Malvern Instruments). Triplicate measure-

ments were performed.

X-ray Diffraction

Tactoids that formed in Ca-suspensions under different
Ca concentrations (Table 1) were analyzed by X-ray diffraction
(XRD, PANanalytical X’PERT PRO X-ray apparatus with Co
radiation) to determine the relative stacking of clay sheets. The
analyzed suspensions were centrifuged at 48,400 ¢ for 20 min.
The pellets obtained were homogenized by mechanical shaking
and then thinly spread over cleaned silicon, zero-background
plates. After overnight drying under ambient atmosphere condi-
tions, the orientated preparations were analyzed via XRD within
a scanning range of 3° < 26 < 12° and over a counting time of

16.5 s per step at steps of 0.05°20.

Cryogenic Scanning Electron Microscopy
The structural arrangement
of the aggregated particles was

assessed by cryogenic scanning

Aggregation and Dispersion Induced by pH or
Calcium Concentration Modifications

To assess the impact of abrupt pH modifications or Ca
concentration decline on Luvisol /utum aggregation or disper-
sion kinetics, batch experiments were conducted on the Ca-
suspension. The experiments were carried in a 100-mL closed
reactor, which was thermoregulated at 25 + 0.5°C under N flux
and gentle magnetic stirring conditions. A standard pH elec-
trode was added to the reactor. The reactor was connected to the
measuring cell of the Malvern laser particle sizer (Mastersizer
MS3000, Malvern Instruments) under the recycling mode and
at a constant flow rate (44 mL min~!). The volume weighted
particle-size distribution and pH levels were recorded at 10-s
intervals over the course of the experiment. To express the time
evolution of particle-size distribution, the cumulative percent-
age of particles smaller than 2 pum, hereafter called %P < 2 pm,
and Dv50 median size were used as indicators. To access struc-
tural information in the clay aggregates, the scattered intensity
(1) as a function of the wave vector (g) was also studied (Guan
et al,, 1998; Lambert et al., 2000; Thill et al., 2001) based on a

selection of representative measurements.

pH Changes at Given Calcium Concentrations

The experiments were performed under three initial condi-
tions: 100 mL of Ca-suspension at 300 mg L~! with a natural pH
value of 5.9 were adjusted to Ca concentrations of 1.3 X 1075,
3.2 % 1074 and 1 x 1073 mol L~! (Table 1), which are hereafter,
respectively referred to as 1075, 1074, and 1073 Ca2*. These con-
centrations were chosen based on their representativeness of con-
centrations encountered in rain ( 1075-10~% mol L_l) (Chorover
et al,, 1994; Sanusi et al., 1996; Négrel and Roy, 1998; Ranger ct
al., 2001, 2007; Bertrand et al., 2008; Ladouche et al., 2009) and

Table 1. Main physicochemical experimental conditions.

Solid Electrolyte
electron microscopy (SEM XL Experiment _ Solid concentration ) ]
series Philips XL 30S FEG ap- Material in suspension Ca™ concentration pH
paratus). Calcium-suspensions mg L~ mol L~ pH unit
equilibrated at different Ca Zeta potential Ca-particles 300 0to 1072 3t08.5
concentrations (6 x 1074 and Na-particles 300 0 5903
6 x 1075 mol L71) and pH XRD Na-particles ND 0to 1072 5.9+0.3
levels (4 and 8) (Table 1) were CCCt Na-particles 100 0 up to the CCC 4.4
left to sediment and were then 2:9£0.3
analyzed. Sediment drops were ) 06
SEM# Ca-particles 300 5.9 x 107> 8
placed on an Al holder and 6 % 10-4 4
then instandy frozen in pasty gy, Na-particles 300 less than 1076 59+0.3
N (=210°C) (Brisset, 2012). iy modification  Ca-particles 300 1075 Ca2*: 1.3+ 0.2x 1075 4.5,5.1,7.9
Before imaging, drops were held  with constant Ca?* 104 Ca2*+:32+05x 104 4.1,5,7.3
in the cryogenic stage at —=90°C 1073 Ca?*:1.1£0.14x 1073 4.3,5,7.1,and 7.5
under high-vacuum conditions Ca2* modification Ca-particles 300 6.2 x 10-5 43
for approximately 1 h and 30 With constant pH 5
min to allow ice to sublimate and 6.4
7.6

reveal particle arrangements.

t CCC, critical coagulation concentration.
¥ SEM, scanning electron microscopy.
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Fig. 1. Dv50 as a function of Ca concentration. The Dv50 value was
recorded 5 min after each Ca increment. Gray rectangles represent the
critical coagulation concentration range.

in lysimeter-sample soil water (107>~1073 mol L~!) (Howitt and
Pawluk, 1985; Swistock et al., 1990; Johnson, 1995; Marques et
al,, 1996; Gallet and Keller, 1999; Ranger etal., 2001; Citeau et al.,
2003; Ranger et al., 1993; Vibek, 2005; Ranger et al., 2007; Lohr
and Cox, 2012; Watmough et al., 2013; SOERE ACBB, unpub-
lished data, 2014). At £, the pH was quickly adjusted from 5.9 to
approximately 4, 5, 7, or 8 (typical pH values in soils) through the
addition of either NaOH or HCL

Calcium Concentration Dilution at Given pH Levels
In this experiment, 10 mL of 3 g L1 Ca-suspension were
prepared in 6.2 x 10~4 mol ! CaCl, at pH levels ranging from
4to0 8 (Table 1) and then left to equilibrate overnight. At 7, these
suspensions were diluted 10 times by adding 90 mL of ultrapure
water that had been previously adjusted to the corresponding pH
values. This dilution ratio mimics soil water dilution characteris-

tics caused by rainwater events.
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Fig. 2. Critical coagulation concentration as a function of pH for a
CaCl, electrolyte and solid concentration lower than 0.7 g L=!. Open
shapes denote model clays and filled shapes denote soil clays. The
dotted line represents a model fit.

RESULTS
Characterizations of Suspensions
at the Stationary State
Critical Coagulation Concentration

Increasing the Ca concentration of the solution resulted in clay
aggregation in the suspension once the CCC was reached. When
the pH level decreased from 6.6 to 4.4, the CCC decreased from 2 to
5% 10%t06t07 x 1075 mol L1, and the aggregate size above the
CCC threshold increased from approximately 20 to 35 pm (Fig. 1).
These CCC values were compared to data from literature that exam-
ined cither model (Penner and Lagaly, 2000; Labille, 2003; Lagaly
and Ziesmer, 2003) or soil smectite (Goldberg and Glaubig, 1987;
Goldbergand Forster, 1990; Séquaris, 2010) and which studied low
clay concentrations (<0.7 g L™1), as Labille (2003) and Penner and
Lagaly (2000) demonstrated that the CCC values increase with
solid concentration. No data on pH levels less than 5 were found in
the literature (Fig. 2). With the exception of the work by Séquaris
(2010), the CCC values follow a growing trend of increasing pH
for all materials considered. No clear distinction was found between
model and soil smectite in relation to their respective CCC values in
the pH domain considered.

Electrophoretic Mobility

The electrophoretic mobility of the Ca-suspensions at soil
pH (5.9 £ 0.3) first increased abruptly from —2.17 to —0.92
x 1078 m? 572 V™1 while the electrolyte Ca concentration in-
creased from 0 to 5 x 107% mol L™1, crossing the CCC, and
then increased moderately up to —0.5 x 1078 m? s72 V=1 at
5 x 1073 mol L1 (Fig. 3). The same trend was observed by
Labille (2003) for model smectite and by Grolimund et al.
(2001) and Séquaris (2010) for soil clays (Fig. 3), though a
slightly higher degree of electrophoretic mobility was measured
at the plateau for the present clay. Again, only slight differences

were observed between soil and model smectites.

-0.5

Electrophoretic Mobility
(10°m2%s2v™")

-1.5 B This study
O Labille, 2003
A Grolimund et al., 2001
-2 O Séquaris, 2010
2‘5 T T T T T 1
0 0.002 0.004 0.006 0.008 0.01

Calcium concentration (mol L)

Fig. 3. Electrophoretic mobility of Ca-smectite suspensions at a
stationary state as a function of Ca concentration. Filled shapes
denote data obtained through this study for a suspension at soil-
pH (5.9 = 0.3). The critical coagulation concentration measured at
the same pH level is denoted by the gray line. Open shapes denote
literature data for model or soil smectite at 5.7 < pH < 6 (Circle:
Labille, 2003 for model montmorillonite; triangle: Grolimund et al.,
2001 for soil particles; square: Séquaris, 2010 for soil particles).
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The electrophoretic mobility of the clay particlesin the
Na-suspension increased significantly when the pH level

> -1
dropped from 6 to 3, and no measurable effect was observed % —~
when the pH level increased (Fig. 4). This trend was less sig- = ‘;> 2
nificant for Ca-suspensions, as the electrophoretic mobility "g N; .
value already ranged between more neutral values from -2 8%
to —0.1 m?s=2 V1. A slight increase in the value of electro- ‘§ =4
phoretic mobility was observed when the CaCl, concentra-

-5

tion increased from 5 X 1076 to 1072 mol L™ 1. Meanwhile,
the global charge of the Ca-clay particles remained negative
over the whole range of Ca>* concentrations and pH levels
tested. This confirms that (i) the divalent cation sorption
level at the clay surface partially neutralizes the permanent
negative structural charge expressed at the basal plane
(Avena and De Pauli, 1998; Lagaly, 2006; Tournassat et
al,, 2011) and (ii) that amphoteric edges compose a small
proportion of the clay in terms of the surface (1%) (Sondi et al,,
1997) and total charge (5-27%) (Anderson and Sposito, 1991;
Wanner et al., 1994; Tournassat et al., 2003; Lagaly, 2006) of the
dominant negative structural charge. The small collection of avail-
able studies that examined comparable experimental conditions
(Chorom and Rengasamy, 1995; Kjaergaard et al., 2004) provide
comparable electrophoretic mobility values and evolution trends
(Fig. 4) regardless of whether the clay origin studied was cither hy-
drothermal or pedogenetic.

State of Aggregation at the Stationary State

The state of aggregation of the suspension was measured at a
stationary state, that is, after 12 h of equilibration, for different Ca
concentrations and pH levels. As expected, the Dv50 increased
abruptly, passing the CCC value and reaching 6- to 7-fold higher
at 1074 (10 um) than at 1075 mol L™! Ca2* (1.5 um) (Fig. 5a). As
the salt concentration continued to increase, the Dv50 finally lev-
eled at approximately 12 pum. The opposite trend was observed for
%P < 2 pm (Fig. 5a) but with no difference found between the two
highest Ca concentrations. In addition, the particle-size distribu-
tions obtained for the three Ca concentrations exhibited a bimodal
distribution (Fig. 5b). At 107> Ca?*, the first mode was centered on
0.7 pm and the second centered on 3 pum, with both populations
exhibiting approximately the same volume proportion. At higher Ca
concentrations, the 0.7 jum population remained only to a minor ex-
tent, while the larger population had grown both in proportion and
size, centering on 10 jum and 15 pum at 10~% Ca?* and 1073 Ca?*,
respectively. Such an evolution with salt concentrations is character-
istic of aggregation mechanisms induced by salt, which incorporates
the smallest particles into larger aggregates.

X-Ray Diffraction Patterns
The XRD-patterns obtained for the particles of Na-
suspensions equilibrated with Ca at different concentrations
showed a change in smectite peak levels from approximately 12.5
to 14.5 A under increasing Ca concentration conditions (Fig. 6).
This was related to cation exchange in the interlayer space from a
single water layer smectite (standard d001 peak at 12.3-12.8 A) to

< A
- Bt =
-E--m Rl ane®
oo .'l N X = e
Tl ‘\._\_‘_Q—.’: A Ca-suspension 102 mol L
\ \\o.»%,/' @ @ Ca-suspension 9 10 mol L
\\ B Ca-suspension 5 10® mol L
'Y <« Na-suspension <3 10®mol L
AN O Ca-suspension 3.5 10 mol L
4--¢. < Ca-suspension in <3 10° mol L
‘44——--4-_4__-—4
L L L L D N |
4 5 6 7 8 9

Fig. 4. Electrophoretic mobility of suspensions as a function of pH, electrolyte
background, and clay interlayer space cation. Filled shapes denote data from
this study, while open shapes denote data from the literature (circle: soil Ca-
smectite in 3.5 X 10~* mol L~ CaCl, by Kjaergaard et al., 2004; square: model
Ca-smectite in distilled water by Chorom and Rengasamy, 1995).

adouble water layer smectite (standard 001 peak at 14.8-15.8 A)
(Hubert, 2008), which correspond with the effective exchange of
Na* and Ca?*, respectively. From the deconvolution of this smec-
tite diffraction peak (Fityk-software; Wojdyr, 2010), we estimated
the relative proportion of Ca-exchanged smectite for the different
Ca concentrations. This proportion increased logarithmically with
the Ca concentration (Fig. 7). In addition, the 4001 peak for the
Ca-exchanged smectite appeared to be considerably better defined
than that of the original Na-smectite. This signifies a longer coher-
ent domain in the basal plane in the former case.

Structural Arrangement of Clay Particles

The structural arrangement of clay particles at the micro-
metric scale obtained at pH 8, [Ca2+] =5.9%x 1075 mol L1, and
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Fig. 5. Aggregate and particle size distribution of suspensions at
a stationary state at pH 5.9 = 0.3: (@) Dv50 and %P < 2 pm as a
function of Ca concentration. The critical coagulation concentration
at the same pH value is reported as a gray rectangle. (b) Particle size
distribution for three Ca concentrations.
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Fig. 6. X-ray diffraction-pattern obtained for Na-suspensions equilibrated
with different Ca-electrolyte concentrations. X-ray diffraction patterns
were normalized to the illite peak. Gray rectangles represent the d range
for Na-smectite and Ca-smectites drawn from the literature.

pH 4, [Ca>*] = 6.2 x 1074 mol L1, respectively, are presented
in the cryo-SEM micrographs shown in Fig. 8. In both cases,
clay deposits exhibit comparable structures in which compact
submicrometric units are connected, forming a loose and three-
dimension network at the larger scale (Fig. 8). No significant dis-
tinction could be made at this scale of observation with respect
to pH and Ca levels.

Aggregation and Dispersion Kinetics Induced by
pH and/or Calcium Modification
Change in pH at a Given Calcium Concentration
For all of the initial Ca concentrations considered, base ad-
ditions increased %P < 2 pm levels and decreased DvS0 levels,
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Fig. 7. Relative intensity of the d007 Ca-smectite peak as a function
of Ca concentration. The critical coagulation concentration at soil-pH
(5.9 = 0.3) is reported as a gray rectangle.

AccV SpotMagn Det WD Exp

100kv 20 5000x SE 41 .1

Fig. 8. Scanning electron microscopy photographs of the Ca-
suspension observed at the cryogenic stage: (a) pH 8 and [Ca?] =
5.9 X 1075 mol L~ and (b) pH 4 and [Ca%*] = 6.2 x 10~% mol L.

and the opposite trends were observed for acidification (Fig. 9).
However, the amplitude of size modifications caused by pH per-
turbations was found to be a function of the initial Ca concen-
tration. The acidic-induced aggregation was especially marked at
the lowest Ca2* concentration (107> mol L™1), while the basic-
induced dispersion was clearer at 1074 Ca2*. At the highest Ca®*
concentration (1073 mol L™1), acidic and basic perturbations were
“inhibited” by high initial Ca concentrations with the exception of
further aggregation trend observed at the 4.3 pH level.
Aggregation and dispersion kinetic processes generally fol-
lowed two successive phases: (i) a high aggregation or dispersion
rate within the first minutes followed by (ii) a partial reversal
toward a steady state plateau in the case of prior aggregation or
toward a direct plateau in the case of dispersion (Fig. 9). Indeed,
the rapid aggregation trend achieved in the first phase resulted
in the formation of unstable aggregates with regards to shear-
ing forces, which were subsequently broken in reaching a steady
state. This transitory phenomenon was observed by Labille et al.
(2003) in relation to the rapid aggregation of clay by polysaccha-
rides. The final aggregation states obtained after 1 h of monitor-
ing were compared to the values obtained at the stationary state
with 6 x 107 mol L1 Ca2* (Fig. 10). At pH = 4, the stationary
state was comparable to the 1 h states for both 107> and 1074
Ca2*, while at pH = 7.5, the stationary state was only compa-
rable to the 1 h state for 10~% M Ca?*. This suggests that under
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these conditions, due to a favoring

of aggregation or dispersion, respec-
tively, the stationary state will be

Dv50 (um)

reached within 1 h. However, under

more balanced conditions, that is,

pHSto7, aggregates remaining af-
ter 1 hare larger than those obtained
after the 12-h equilibration period.

Dilution of the Ca%*
Concentration at a Given pH
The abrupt decrease in Ca

cumulative percentage
of particles < 2um

concentration from 6.2 x 10~4 to
6.2 x 1075 mol L'! with the dilu-

tion of concentrated /utum suspen-

pH

sions with pure water content ad- : :

justed at targeted pH levels (Table
1) did not induce a significant
change in the Dv50 level for the
four pH values tested (Fig. 11). The

Time (hours)

Fig. 9. Dv50, %P < 2 pm and pH evolution as a function of time for the three Ca concentrations. pH
perturbations were applied at a time equal to zero.

slight variations observed during A B
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Clay Particles Analyzed by pH pH

Static Light Scattering

In the log/log plot of the scat-
tered intensity as a function of the
wave vector (Fig. 12), an inflection
point is observed at g = 5.17 pm~!. This implies the coexistence
of two distinct structures both below and above the correspond-
ing scale of 0.6 jum. We attribute this characteristic size to that of
elementary tactoids, as it coincides well with the initial fraction-
ation of particles smaller than 2 pm. At larger g values (5.17 < ¢
< 947 pm™1), Ca-particles were more compact and characterized
by an I(g) slope of 2.7, while the slope was found to be 2.3 for Na-
particles. At smaller g values (Guinier plateau < g < 5.17 pm~1), 2
long, linear domain was present for Ca-particles, denoting a frac-
tal structure. The slope of this domain (i.c., the fractal dimension)
was 2.1 £ 0.15 and exhibited no evident variation regardless of the
Ca concentration or pH level considered. The inflection to the
Guinier plateau observed at smaller wave vectors characterizes the
maximum aggregate size and is in good agreement with the laser

diffraction interpretations presented in Fig. 9.

Fig. 10. Dv50 and %P < 2 pm of the Ca-suspensions as a function of pH and CaCl, background at
stationary state (Sta) and an hour (1 h) after pH perturbation.

DISCUSSION
Phase Diagram as a Function of Calcium and pH

Effects of pH and Ca concentration on clay particles stabil-
ity remain difficult to dissociate among the various colloidal dy-
namics of clay particles, even when their respective actions can
be clearly distinguished from a conceptual point of view. It is
widely assumed, based on works examining model smectite, that
pH controls interactions due to the protonation of clay edges
while Ca as interlayer counterion shapes interactions between
clay faces. Our experiments show that both Ca concentrations
and pH levels have an interrelated effect on soil /uzum dispersion
and aggregation.

In combining the literature data with our experimental re-
sults, we proposed the following phase diagram for Luvisol /x-
tum as a function of pH and Ca concentrations (Fig. 13a). This
diagram aims to more effectively specify the effects of the two pa-
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Fig. 11. Dv50 and %P < 2 pm evolution after suspension dilution at
the stationary state and under three different initial pH levels.

rameters on the expected behavior of clay particles under condi-
tions relevant to soil pore water. The pH level of edge zero-charge
(PHpzc o4 . o) isa crucial characteristic as it determines the extent
of protonation in clay edges as a function of pH. The median
value (pHpy dge = 6.5) and third quartile were calculated from
literature results for approximately 2:1 clay minerals and are re-
ported in Fig. 13 (Heath and Tadros, 1983; Brandenburg and
Lagaly, 1988; Lagaly, 1989; Permien and Lagaly, 1994; Avena
and De Pauli, 1998; Benna et al., 1999; Wanner et al., 1994;
Keren and Sparks, 1995; Manning and Goldberg, 1996; Thomas
et al., 1999; Durén et al., 2000; Tombacz and Szekeres, 2004;
Delhorme et al., 2010). The clay aggregate formation is thus bal-
anced according to both the CCC and pHyp - . dge thresholds.

For all of the tested Ca concentrations, at pH levels of 5
and 4, particles exist in an aggregated state as shown in Fig. 9
and 10. This is in agreement with results from the literature (Van
Olphen, 1977; Hesterberg and Page, 1990; Gu and Doner, 1992;
Durdn et al,, 2000) and shows that at pH < pHyp edge’ edges
protonation enhances the electrostatic attraction between clay
platelets and produces an aggregated state irrespective of the Ca
concentration tested.

At pH levels higher than seven, which are most likely higher
than the PHpzc o dge the aggregation state depends on the Ca
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Fig. 12. Scattered intensity (/) as a function of the wave vector (q) for
Na- and Ca-suspensions at different Ca concentrations and 1 h after
pH perturbation. The slope of the linear portion of the (log /) vs. (log
q) plot is correlated with aggregate compactness (fractal domain).

concentration background (Fig. 10). Increasing the Ca concen-
tration led to an abrupt increase in electrophoretic mobility (Fig.
3), suggesting that decreased electrostatic repulsions are the driv-
ing force behind particle aggregation above the CCC.

Moreover, the aggregation was certainly enhanced by the
divalent properties of interlayer counterion Ca?t, which favors
face—face clay sheet stacking (Hunter, 1981; Kinsela et al., 2010;
Kjacrgaard et al., 2004; Lagaly, 2006; Séquaris, 2010). The pres-
ence of this arrangement is confirmed by the stronger definition
of the 4001 Ca-smectite diffraction peak (Fig. 6 and 7) com-
pared to the Na-smectite and by the more compact structure of
Ca-tactoids revealed by static light scattering (Fig. 12).

At scales larger than the tactoid, static light scattering and
cryo-SEM levels (Fig. 8) indicate a fractal and looser aggregate
structure that assembles dense elementary tactoids. This suggests
that aggregates are composed of 0.6-pm tactoids and that the
internal structure of the latter was not significantly modified by
subsequent aggregation dynamics induced by the change in solu-
tion chemistry. No evident structural distinction could be made
at these two scales between aggregates induced by acid pH and
aggregates induced by Ca.

Aggregation State Dynamics and Reversibility
Calcium and pH concentrations may have cumulative and
competing effects on the dispersion vs. aggregation tendencies of
the lutum suspension. The balance of these effects heavily drives
the kinetics and potential reversibility of mechanisms involved.
The aggregation kinetics at Ca concentrations of >CCC or pH
levels of <5 were quite rapid (i.e., 10 min) (Fig. 1 and 9) and re-
flect so-called processes of fast coagulation (Missana and Adell,
2000; Kjacergaard et al., 2004; Furukawa et al., 2009; Séquaris,
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chemistry values drawn from the literature.

2010). Such a time scale is compatible with the persistence time
of gravitational water in soil.

The aggregate redispersion induced by increasing pH in 104
Ca?* suspensions was achieved within a similar time scale (Fig.
9), indicating relatively good reversibility in the aggregation state
obtained under this condition. Indeed, under such intermediate
Ca concentrations, the pH change shifts the system to below the
CCC (CCCyg6=275 =5 x 107* mol L™! CaCl,, Fig. 1),
which allows the aggregates to redisperse. However, reversibility
was not observed systematically. Whereas the drastic decrease in
Ca concentrations from 6.2 X 1074 to 6.2 x 107> mol L™! in-
duced redispersion only at the highest level of pH (7.5) tested
(Fig. 10), final Ca concentrations fell below the CCC threshold
at pH levels of S and 6 as well (Fig. 1). The non-redispersion of
clay aggregates at these two latter pH levels despite the occur-
rence of diffuse double layer expansion suggests partial irrevers-
ibility in the aggregation induced by Ca, at least with respect to
the 6-h time scale of this experiment. This is attributable to the
high affinity of Ca cation on the clay surface and the shared posi-
tion of two neighbor faces. Both of these characteristics likely
limit divalent cation mobility (‘Tournassat et al., 2003). Only the
most basic condition tested (pH 7.5) was able to balance and
overcome attractive interparticle forces induced by Ca. Finally,
at the highest Ca concentration tested, 1073 CaZt (Fig. 9), the
pH effect became minor and negligible with respect to that of
the aggregating Ca. Only the most acidic pH perturbation (i.c.,
pH 4.3) induced even further aggregation due to the presence of
increased interparticle attraction. For all of the higher pH condi-
tions tested, the system remained “buffered” and aggregated by

high Ca concentrations.

Implications for Particle Migration in Soils

In relating these results to soil solution chemistry and de-
ducing their potential implications for the physical chemistry of
particle migration in soil pores, we compiled Ca concentrations
and pH values of soil water sampled by lysimeters provided in
the existing literature (Howitt and Pawluk, 1985; Swistock et
al,, 1990; Johnson, 1995; Marques et al., 1996; Gallet and Keller,
1999; Ranger et al., 2001; Citeau et al,, 2003; Ranger et al., 1993;
Vrbek, 2005; Ranger et al., 2007; Lohr and Cox, 2012; Watmough
et al, 2013; SOERE ACBB, unpublished data, 2014). Rainwater
monitoring values were also gathered (Fig. 13b) (Chorover et al,,
1994; Sanusi et al., 1996; Négrel and Roy, 1998; Ranger et al,,
2001, 2007; Bertrand et al., 2008; Ladouche et al., 2009; SOERE
ACBB, unpublished data, 2014). These pH and Ca concentration
data are drawn from California (Chorover et al., 1994) and from
various sites throughout France (Bertrand et al., 2008; Ladouche
et al,, 2009; Négrel and Roy, 1998; Ranger et al., 2007, 2001;
Sanusi et al., 1996; SOERE ACBB unpublished data, 2014). The
pH values range from 4.8 to 6.1, while Ca concentrations range
from 107 to 10~% mol L1, with scasonal variability values typi-
cally being higher than spatial variability levels.

While rainwater appears to be too acidic to disperse aggre-
gated soil particles based on physicochemical reactions as shown
in Fig. 13b, it may mobilize particles via physical mechanisms
(splash effect, shear force, etc.).

Water sampled from lysimeters exhibited a greater range
of pH than rainwater, illustrating soil type chemistry variations.
Luvisol gravitational water is globally located in the dispersed
section of the phase diagram (Fig. 13b). Preexisting aggregates
must therefore be fragile, likely undergoing mobilization within

percolating water. In acidic soils (pH < 5), the composition of
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gravitational soil water is positioned in the aggregated section
of the diagram due to protonated clay sheet edges, suggesting
the development of a /utum that is initially heavily aggregated.
According to our data (Fig. 9) and literature (Fig. 13b), aggre-
gate dispersion through an increase of pH to higher than 7, is not
likely to occur because rainwater pH is too acidic in most cases.
This pH threshold is in agreement with those classically defined
in the literature on eluviation (Quénard et al., 2011). However,
regarding Leptosols (pH > 7.5), which is also located in the ag-
gregating condition of the diagram but due to high Ca concen-
trations, our results suggest that salt dilution induced by rainfall
events is not fast enough (<1 h) to reverse preexisting aggregates
synchronously with gravitational water infiltration.

The dispersed /utum, which may potentially migrate to
deeper soil horizons through the soil pore network, may aggre-
gate and deposit according to variations in soil solution chem-
istry. For Luvisols, according to Fig. 13b, particles will remain
dispersed in most cases. This suggests that illuviation is not likely
to occur within macropores for physicochemical reasons but may
rather be caused by physical filtration in the surrounding matrix
of lower porosity. In the case of acidic soils and Leptosols, pre-
viously dispersed and migrating /utum is expected to undergo
aggregation to a size of a few tens of micrometers (Fig. 9). The
aggregates may then be trapped or excluded by smaller pores. The
released material may consequently only migrate through macro-
pores larger than a few tens of micrometers, which represent only
a small proportion of the total porosity and which thus exhibit

limited degrees of mobility in most cases.

CONCLUSION

This work aimed at investigating the role of physicochemi-
cal interactions that occur during clay particle mobility processes
in soils. We studied the colloidal dynamics of clay particles (/u-
tum) extracted from a luvisol and compared these to dynamics
of pure and crystalline clay minerals. We focused on realistic
soil physicochemical conditions (pH, Ca concentration) and on
time scales that correspond with gravitational water infiltration
processes. We conclude that:

1. The conditions for dispersion stability among the
lutum particles are similar to those known for model
smectites.

2. The kinetics of particle aggregation vs. dispersion
in soil solution conditions are rapid enough to occur
synchronously with soil macropore water transfer.

3. Aggregation and dispersion may thus take place within
gravitational soil water depending on the nature of
chemical perturbation induced by rainfall.

In terms of soil formation, we deduce from these results
that physicochemical mechanisms may play a significant role in
soil eluviation and illuviation. Suspended particle aggregation is
likely to induce particle trapping or exclusion by smaller pores,
which may inhibit eluviation and favor illuviation. Such mecha-

nisms must, therefore, be explicitly implemented through soil

formation models (Finke, 2012) or particle transport models
(Jarvis et al., 1999).

While our methodological approach is relevant for particles
that are already suspended in gravitational water, the physico-
chemical processes that drive particle release from the surround-
ing soil matrix to gravitational soil water must be investigated
further. Higher solid/solution ratios may modify CCC thresh-
olds. Additionally, while the quantity of natural organic mat-
ter was minimized in this work to better distinguish pH from
counter-ion effects, this nevertheless plays a dominant role in
soil structuration and aggregation. Finally, percolation column
experiments should allow for more accurate distinction and
weigh calculations of the contributions of physicochemical and
physical mechanisms. To fully understand natural field process
variability, further investigations should focus on the influence
of other soil constituents such as organic matter, Fe oxides, and

active pore network structural characterizations.
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