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Abstract
The turbidity profil and the evolution of size and structure during the aggregation of
carboxymethyldextran in presence of copper has been examined in saline water througth turbidity and
light scattering measurements. These two completely independent techniques allowed to determine
experimental destabilization conditions of colloidal suspension. A critical coagulation ratio has been
observed. The aggregated particles remain stable below this equilibrum point whereas an aggregates
destabilization process occurs and leads to a gelatinous and homogeneous deposit beyond this ratio.
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Introduction
Human activities are often responsible of the emission of a large fraction of heavy metals to
the soils [1-4]. One of the technologies used for the removal of these highly hazardous
contaminants from soils is based on phytoremediation [5-9] which uses plants
hyperaccumulating metals. These assimilate metals from soils and transfer them to aerial parts
that can be harvested and treated [10, 11]. However, this process depends on the mechanisms that
govern the absorption of metals by the roots. Indeed, the transfer of metals from soil matrix to
plant roots occurs through the so-called mucilage, which is the biofilm built by
microorganisms around the roots from exsudated glucidic material. The chemical interactions
between metal ions and polysaccharides, and their influence on the conformational properties
of the macromolecules are of great importance in the understanding of biodisponibility and
phytotoxicity of metals. Early studies were focused on the identification of the molecular
mechanisms underlying the interactions between an anionic polysaccharide and divalent
cadmium (Cd2+) and calcium (Ca2+) ions. We studied at the local scale (chemical), the
complexation mechanism, the structure of the formed complex, the thermodynamics of the
complexation [12]. At the macromolecular scale (intramolecular), we analyzed the role of
complexation on electrostatic interactions and thus on the conformational, thermodynamic and
electrocinetic properties of the polysaccharide [12-14]. Knowing that the technologies used for
elimination of heavy metals from the environment are also based on a whole range of
physicochemical and interfacial processes including precipitation [15, 16], ion exchange [17-19],
adsorption [20, 21], membrane filtration [22, 23], coagulation [24-27], we have undertaken, in the
framwork of the present work, to study at intermolecular scale point of view the aggregation
process of polysaccharides in presence of heavy metals. At this end, we have adopted an
experimental and analytical approach. This approach will consist to an acquisition of
experimental data by pointing out the conditions of colloidal stability, the coagulation of
polysaccharides by metals, and the structure of the aggregates. Carboxymethyldextran is
chosen as polysaccharide. The selected heavy metal is copper since it is a metal which
migrates little in depth except under special conditions of drainage or in a very acid medium
and is preferentially fixed on the organic matter, iron oxides, Manganese, carbonates and
mineralogical clays.
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Table 1 : Values of the degree of substitution (DS), hydrodynamic
diameter (D) and weight-average molar mass (Mw) of the Native
Dextran T500 and CMD at pH 7 in 100 mM NaCl.
Polymer
Dextran T500
CMD

DS (%)
37

494,200
630,000

D (nm)
40
50

Mw (g/mol)
494,200
630,000

Sample preparation. Due to the importance of the process of
dispersion in flocculation studies, polysaccharide solutions
were prepared 24 h prior to experiments in NaCl electrolyte
solution and stored at 4◦C to ensure complete dispersion of
polymers. It should be noted that these suspensions were
dispersed away from light to prevent the proliferation of algae
or bacteria. Stock solutions of metallic Cu2+ were obtained by
dissolution of CuCl2,2H2O in aqueous solution in the presence
of NaCl. Knowing that in conditions of low ionic strengths,
electrostatic interactions between macromolecular charges are
important [30-33], an electrolyte concentration of 100 mM NaCl
was considered to reduce these electrostatic interactions and
avoid their influence on turbidity and aggregations studies.
Because of this ionic strength, the oberved phenomena occur
further in physical level than the chemical one. Batch
experiments were carried out by adding variable amounts of
metal concentration solution to a given volume of
polysaccharide solution. Prior turbidimetric analysis, the
polysaccharide/metal mixing was stirred and kept at rest for
16 hours in order to provide information about the formation
of soluble or insoluble complexes through colloidal
dispersion. On the contrary, in the framwork of aggregation
process study, the metal is added to macromolecular solution
without mixing action and followed for aggregation evolution
after 16 hours at rest.

detectors are used and the turbidity is an average of
measurements coming from the three sensors based on the
scattered light/transmitted light ratio. For each value of the
metal to polymer concentrations ratio examined, several
independent suspensions were prepared and runs were
performed to ensure the reproducibility of the results. All
measurements were carried out at natural pH7 without added
reagent and at 25±1 °C.
Light Scattering Measurements. PCS100 Series 4700
spectrometer from Malvern Instruments Ltd was used to
follow the aggregation process of CMD suspensions through
light Photon Correlation Spectroscopy technique, which
enables direct measurements of the dynamic structure by
using time correlation functions of the (fluctuating) scattered
intensity. PCS100 Series 4700 spectrometer allows to carry
out both of static and dynamic light scattering measurements.
This equipment is constituted of goniometer mounted on a
rotating arm. A laser beam of 514 nm is used as the light
source and directed to the sample contained in a quartz cell,
which is maintained in the VAT, a calibrated cuvette,
implanted in the rotation axis of the spectrometer. A
diaphragm controls the amount of scattered light detected and
sends it back to the photomultiplier which is sensitive to the
quantity of individual photons and allows to fix a diffusion
angle ranged from 10° to 150°. Data acquisition were made
from a correlator which converts the signal whose processing
is carried out by a suitable software « CONTIN » provided by
Malvern. Dynamic light scattering measurements were carried
out at 90° relative to the incident beam. Concerning static
light scattering experiments, particles in the measuring cell
pass through the expanded parallel beam. The optical lens
focuses the nonscattered light and detectors are positioned in
the focal plane at various angular positions. The recorded
curves were analyzed to extract the information about the
form factor (large angles), which leads to the calculation of
the fractal dimension. All measurements were carried out at
25±1 °C and at natural pH of 7 without any addition of
reagent.
Results and Discussion
Stability conditions of CMD suspensions
Stability conditions of CMD macromolecule suspensions
were investigated through turbidity study. Fig 1 shows the
evolution of this feature as a function of molar concentration
ratios (M/P), in which P corresponds to the amount of the
polymer concentration whereas M indicates the metal
concentration. The molar concentration ratios correspond to
the situation in which the polymer concentration is fixed
(2g/L) and variable amounts of metal concentration solution
are added to polymer solution.

Methods
Turbidity Measurements. Turbidity measurements were
performed with a 2100N Hach Turbidimeter equipped with
tungsten filament as the light source. As turbidity values are
lower than 40, only one detector located at 90° to the light
source carries out the measurement. Above this value, all
~ 1891 ~
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Material and methods
Material
Reagents. The chemicals listed below were from analytical
grades and used as received: NaCl from Prolabo (Merck,
USA); HNO3, NaOH, ClCH2COOH, {CuCl2, 2H2O} from
Aldrich (St. Quentin Fallavier, France). Ultrapure Milli-Q
water was used in the preparation of solutions.
Carboxymethyldextran. Native Dextran T500, a biopolymer
of bacterial origin from Amersham Biosciences (Uppsala,
Sweden), was chemically functionalized by carboxymethyl
grafting under alkaline conditions as described elsewhere [12,
28,29]
yielding carboxymethyldextran (CMD).
Characterization. The degree of substitution (DS), i.e. the
amount of carboxymethyl groups per 100 glucopyranosidic
units of the synthesized CMD, was determined according two
ways: potentiometric titration at ionic strength of 100 mM
NaCl and pH7 (complete dissociation of the carboxylic sites)
and conductometric titration in CMD suspension without salt,
which provide the same values. The hydrodynamic diameter
(D) of native Dextran T500 and the synthesized CMD, and
their weight-average molar mass (Mw) were measured at 25.0
± 0.1 C using a Zetasizer Nano ZS instrument (He–Ne red
laser (633 nm), Malvern Instruments) and the multi angle
laser light scattering coupled to steric exclusion
chromatography.
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Fig 1: Turbidity profile of CMD suspension as a function of the
metal to polymer ratios (M/P)
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The analysis of the plot exhibits two trends in the range of
studied M/P ratios. Firstly, as metal/polymer ratio is
increased, the turbidity sharply increases up to a equilibrium
point. Then, the turbidity decreases at large metal/polymer
ratios. It clearly arises from this turbidity profile that the
maximum at 1.25 of M/P is a critical phase change ratio.
Below this, turbidity growth is characteristic of slow
aggregation, which is accompanied by a formation of stable
aggregates even after about 16 h at rest. The photography of
suspensions shows no turbid appearence as illustrated in fig 2
(a-c).

summarized in table 1. The wide distribution spread indicates
simultaneous formation of two kinds of particles at ratio of
1.25. There are still isolated molecules, but a new strain of
clusters of the order of 250 nm appears, which are formed
from isolated particles. Then, for these aggregated particles
sharply vanish to generate a new strain of more larger
aggregates characterized by a diameter of the order of 2300
nm for sufficiently high M/P ratio. To obtain information on
the internal structure of these aggregates and the shape of
their distribution [34], the angular scattering intensity as a
function of scattering angle was recorded and illustrated in fig
3.
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Fig 2: Visual turbidity in 100 mM NaCl at pH7 for 2 g/L CMD in
presence of Cu2+ with (a) M/P =0, (b) M/P =0.2, (c) M/P = 1, (d)
M/P = 2

Fig 2. Size distribution of CMD macromolecules in presence of Cu2+
for M/P ratios of 0.7 (●), 1.25 (●) and 1.75 (●)

Aggregats Size of CMD macromolecules in presence of
Cu2+
Taking into account previous turbidimetric results, the growth
of the mean size clusters was monitored for different M/P
ratios located in the areas corresponding to the domain
preceding the equilibrum point, then at the equilibrium point
(M/P= 1.25) and finally to the domain beyond the peak. In a
first step, the behavior of aggregates CMD size was inspected
and the fractal dimension of these aggregates was determined
in a second step, by knowing that coagulation process
depends on the the nature of the interactions, the mobility of
objects and the structure of the aggregates. Fig 2 exhibits the
distribution of aggregates CMD sizes for M/P ratios of 0.7,
1.25 and 1.75.
By considering the order of magnitude in which the size
values are extended, these plots evidence the occurrence of
aggregation process in good agreement with the previous
turbidity study. For 0.7 corresponding to the lower ratio, a
particle size of the order of 50 nm in hydrodynamic diameter
is mainly finded, which answers well to the size of the
isolated molecules of CMD according to the value

Angular scattering intensity (arbitrary unit)

The situation is different for the area beyond the critical ratio,
in which any addition of metal to the suspension leads to a
more important aggregation of CMD macromolecules. In this
configuration, the metal induces the formation of larger
particles and hence a destabilization of these aggregates
which will eventually decant. An example of solution is
displayed in fig 2 (d), which enables to observe a gelatinous
and homogeneous deposit with a bluish coloring due to
copper. In order to study the structure of these aggregated
particles, the supernatant solution was analysed. This
investigation consisted of the determination of their size and
fractal dimension.
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Fig 3 : Angular scattering intensity of as a function of scattering
angle for M/P ratios of 1.1 (●), 1.25 (●) and 1.85 (●)

Fractal dimension of aggregates
A comparison of plots shows that the scattered intensity by
the aggregated particles is more important for ratio of 1.25
than the data recorded for 1.1. This situation can be explained
by aggregates size more larger for the first ratio as above
evidenced in dynamic light scattering study. In analogy with
this trend, a more scatterd intensity is expected for ratio of
1.85 finding in the area for which aggregates size are the
largest, however the intensity is lower than those of both
others ratios despite a size that is up to two orders of
magnitude greater. This can be explained by the fact that
beyond equilibrum ratio of 1.25, decantation of a large part of
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the aggregates occurs in good agreement with turbidity data.
Fig 4 shows the evolution of fractal dimensions for
aggregated particles which were deduced from data recorded
in fig 3. In these plots, q is the scattering wave vector, a
fundamental characteristic of any scattering process. Its length
is expressed acoording to [35] :
Q = (4n/)sin(/2),
where n is the refractive index of the medium,  the light
wavelength in the scattering medium and  is the scattering
angle (i.e., the angle between the incident beam and the
direction of observation).
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Fig 4 : Log(I) as a function of log(Q) for M/L ratios of 1.1 (●), 1.25
(●) and 1.85 (●)

Whereas the background noise is too large to extract
conclusions concerning ratio of 1.85, it may be possible to
establish for ratio of 1.1 a slope at the end of the plot. A value
of the order of 0.44 is deduced, meaning that there would be a
priori high amount of aggregates with a small fractal
dimension. In this configuration, the distance between
particles is large giving rise to an uncompact structure. This
coagulation can be attributed to diffusion limited colloidal
aggregation [36-38]. In the case of M/P ratio of 1.25, a closer
inspection allow to distinguish various fractal dimensions
characterizing the aggregated particles. A first regime for
which clusters have a strong compactness whose fractal
dimension is in order of 2.98, and a second regime from a
strain of aggregates with low compactness of 1.64. There are
here two limiting aggregation regimes. The clusters having
strong compactness are characterizing by a reaction limited
aggregation process [39-41] in opposite to the second regime of
particles that are governed by diffusion limited colloidal
aggregation. These data are in good agreement with dynamic
light scattering results collected at ratio of 1.25 for which
hydrodynamic diameter of 120 nm can be attributed to fractal
dimension of 2.98 and isolated molecules of 50 nm can
assigned to 1.64.
Conclusion
Experimental data evidenced the occurrence of interactions
polysaccharides and metals at the supramolecular scale. The
stability conditions of the CMD suspensions are characterized
by a critical metal / ligand coagulation ratio below which the
polymer suspension is stable. Above this ratio, aggregated
particles that are formed are suuficiently large to decant and
form a gelatinous deposit. It is suitable to study the effect of
the formation of this induced polysaccharide deposit around

the roots in order to examine whether it is beneficial or not to
the phenomena of assimilation of metals by the plant.
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