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To mimic the role of hydroxide minerals and their humic complex derivatives on the biodegradability
of pesticides in soils, synthetic MggAl Layered Double Hydroxides (LDH) and MggAl modified by Humic
substances (LDH-HA) were prepared for various R values (2, 3 and 4) and fully characterized. Adsorption
properties of LDH and LDH-HA toward Pseudomonas sp. strain ADP were evaluated. The adsorption kinet-
ics were very fast (<5 min to reach equilibrium). The adsorption capacities were greater than previously
reported (13.5 x 101,41 x 10'" and 45.5 x 10'! cells/g LDH for Mg, Al, Mgz Al and Mg4Al, respectively) and
varied with both surface charge and textural properties. Surface modification by HA reduced the adsorp-
tion capacities of cells by 2-6-fold. Biodegradation kinetics of atrazine by Pseudomonas sp. adsorbed
on both LDHs and LDH-HA complexes were measured for various solid/liquid ratios and adsorbed cell
amounts. Biodegradation activity of bacterial cells was strongly boosted after adsorption on LDHs, the
effect depending on the quantity and properties of the LDH matrix. The maximum biodegradation rate
was obtained in the case of a 100 mg/mL Mg, Al LDH suspension (26 times higher than that obtained with

Keywords:

Layered Double Hydroxides
Humic acid-LDH complexes
Pseudomonas sp. strain ADP
Bacteria adsorption
Atrazine

Biodegradation rate

cells alone).
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1. Introduction

To treat organic contamination in natural environments or in
specific industrial effluent treatment plants, biological processes
have gained interest due to their eco-friendly and cost-effective
aspects. Nevertheless, bioremediation techniques can lead to cur-
rently unpredictable results in terms of effectiveness and clean-up
time [1-4].

In natural environments, bacteria tend to attach to solid sur-
faces. This prevailing microbial state, known as biofilm, confers
protection against environmental stresses and increases their sur-
vival [5,6]. Bacteria adsorption was studied and compared on
various surfaces [7-14]. The results show that adhesion occurs on
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all types of surfaces and it is affected by mineral, bacteria cell sur-
face properties and the characteristics of fluid phase (pH, ionic
strength). As described by DLVO theory of colloid stability [15], two
main types of interaction between bacteria and mineral solids are
involved: van der Waals attraction and electrostatic interactions
that are generally repulsive [10,16]. Besides, bacteria adhesion is
influenced by the hydrophobicities of both cells and solids, the bac-
teria extracellular structures and the presence of divalent cations
providing additional bridging.

There is an agreement in the literature that bacterial attachment
to the support could influence their metabolic activity although
the effect is often controversial [17-22]. The effect of micro-
bial adhesion on substrate has been attributed to the creation of
microenvironments at the surface favourable to its metabolic activ-
ity by buffering the medium [17,19] or to the substrate sorption
allowing a direct access at a short distance for the microorganism
to the compounds [23].

Recently, Besse-Hoggan et al. [24] found that the biodegradation
of atrazine (AT) by Pseudomonas sp. strain ADP was dramatically
enhanced in the presence of Mg,;Al(OH)gNO3-nH,0 hydrotalcite
like compound (Layered Double Hydroxides or LDH) although
AT was not sorbed on this inorganic matrix. A few other papers
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have reported that microorganisms can strongly interact with
LDH [7,25], the purpose of all these experiments being to set
up efficient anti-microbial processes or wastewaters treatments.
LDH is a class of ionic lamellar minerals with positively charged
hydroxylated layers of divalent and trivalent metallic cations
(M1 _yM"L (OH),]**) and exchangeable hydrated gallery anions
([X9~xjq-nH20]) [26]. The neoformation of LDH may occur in alka-
line soils [27-31] and they can be regarded as good representatives
of the oxide/hydroxide soil mineral family.

The purpose of this study is to evaluate the key parameters gov-
erning the bacteria-LDH adhesion and how it can influence the
biodegradation of a non-sorbed pesticide, atrazine. For that, LDH
with different Mg/Al ratios were synthesized to investigate the
effect of LDH surface properties ({-potential, particle size, surface
charge density) on cell adsorption and evaluated for the subsequent
effect on AT biodegradation. The influence of modification of LDH
surface by adsorbed humic acid (HA) was also studied.

2. Materials and methods
2.1. Preparation and characterization of materials

Synthetic nitrate intercalated LDH with 2, 3 and 4 mg/Al molar
ratios (noted hereafter Mg,Al, Mg3;Al and Mg4Al) were prepared
by the co-precipitation method at a controlled pH of 9.0 accord-
ing to de Roy et al. [32] and Chang et al. [33]. LDH products were
used as aqueous suspensions obtained either directly from syn-
thesis (undried samples) or from re-suspended air-dried solids.
Humic acid Na-salt (HA) was purchased from Aldrich. LDH-HA
complexes were laboratory prepared based on HA adsorption
isotherms, as described previously [24]. The X-ray diffraction pat-
terns of the solids were recorded with a Philips X'Pert automated
X-ray diffractometer using Cu Ka radiation (A =0.154051 nm), over
the 2-70° (26) range in steps of 0.0668° with a counting time
per step of 4s. FT-IR spectra were recorded with a Nicolet 5700
spectrometer from ThermoElectron Corporation using the KBr pel-
let technique; particle sizes and Zeta-potentials were measured
with the nano Zeta-sizer (Malvern instruments) apparatus. The
bacteria-LDH assemblies were studied by transmission electron
microscopy (TEM) using a Hitachi 7650 microscope at an accel-
eration voltage of 80 kV. To perform the characterization, a drop of
the suspension was deposited on a 400 mesh holey carbon-coated
copper grid and dried at room temperature.

2.2. Preparation of the cell suspension

Pseudomonas sp. strain ADP (gift from Dr F. Martin-Laurent)
was grown in 100 mL portions of Trypticase Soy broth in 500 mL
Erlenmeyer flasks incubated at 27 °C and 200 rpm. The cells were
prepared as previously described [24].

2.3. Sorption isotherms

Pseudomonas sp. adsorption onto solids was carried out using
the batch-equilibration technique at 20°C. The reactive vol-
ume (3mL in plastic cuvettes) contained a solid suspension
at a 500mg/L concentration and cells within a range from
0.06 to 1.25x10'9mL-! (10 point isotherms). The solid was
pre-conditioned overnight in Volvic water (pH 7) to obtain a homo-
geneous suspension. After addition of the bacterial suspension
in the cuvette, the mixture was stirred for 15 min and then left
for sedimentation for a 4h period. Supernatants were then ana-
lyzed by UV spectroscopy (Nicolet evolution 500 spectrometer,
Thermo Electron Corporation) at 600 nm to determine the amount
of cells left in the equilibrium solution. Blanks were carried out

with LDH or LDH-HA complex suspensions under the same condi-
tions and their absorbance values have been taken into account for
isotherm calculations. Adsorption isotherms were processed from
2 to 4 independent experiments. The amount of cells adsorbed was
calculated as the difference between initial and equilibrium cell
concentrations per gram of the solid.

Adsorption of AT by cells or cell-LDH was controlled. After cen-
trifugation and removal of the supernatant, the bacterial pellet or
the (bacterial-sorbent LDH) pellet was resuspended in a mixture
MeOH/H,0 4/1 and stirred vigorously for 24 h in order to extract AT
and its metabolite that could be adsorbed on the cells or remained in
the cells. This experiment was carried out on several samples taken
during the AT biodegradation. None of the extracts contained AT or
OH-AT. The free or immobilized cells do not adsorb AT. This was
not the case for MggrAl HA complexes on which AT and OH-AT were
adsorbed and were found in great quantity after extraction.

2.4. Biodegradation experiments

To work under the same conditions as those used for sorption
experiments, a two-step process was carried out: after a 24 h period
of contact between the solid matrix (100, 250, 500 or 1000 mg) and
a 0.1 mM AT solution in Volvic® water (5mL) in 100 mL flasks on a
platform shaker (200 rpm, 27 °C) (homogenization step), a resting-
cell suspension of Pseudomonas sp. ADP (resuspension of the pellet
(55mg dry weight) in 5mL of a 0.1 mM AT solution), was intro-
duced (incubation step). A control of AT biodegradation in aqueous
medium (10 mL) was carried out in each series of experiments to
compare kinetics appropriately. The blanks consisted of prepara-
tions incubated under the same conditions without AT or cells.
Samples (1 mL) were regularly taken from each flask, centrifuged
at 12,500 rpm for 3 min and then frozen till HPLC analyses. All these
experiments were repeated at least 3 times.

Hydroxyatrazine (OH-AT), the first metabolite of the atrazine
(AT) biodegradation pathway by Pseudomonas sp. strain ADP, was
detected in all the experiments (monitored by HPLC), showing
clearly that the bacterial cells were metabolically active. This
metabolite disappeared rapidly from the supernatant in the pres-
ence of LDHs (after 2 h of incubation vs 35 h with cells alone). We
have checked that OH-AT was not adsorbed on LDHs.

2.5. Atrazine HPLC analyses

Supernatants were analyzed by HPLC at 22 °C using an Agilent
1100 photodiode array detector (DAD) chromatograph. A reversed-
phase column (Zorbax Eclipse XDB-C18, 5 wm, 150 mm x 4.6 mm)
was used at a flow rate of 1 mL/min. The mobile phase was com-
posed of 50 mM acetate buffer pH 4.6 and acetonitrile 60/40 (v/v).
The injection volume was 10 pL. The UV detector was setat 225 nm.

2.6. Statistical data processing

Statistical processing of the obtained data has been done
using “STATISTICA” program (StatSoft, Inc., version 8.0, 2007;
www.statsoft.com).

3. Results
3.1. Properties of LDH and LDH-HA complexes

The XRD data (Fig. 1A) of the three synthetic inorganic
compounds (MggrAl) confirmed the formation of pure nitrate
intercalated LDH phases displaying a hexagonal lattice with
a rhombohedral symmetry (R3m). Refined cell parameters are
equal to a=3.036(4)nm, 3.058(4)nm and 3.075(3)nm and
c=0.8856(6)nm, 0.8509(7)nm and 0.7917(6) nm for MggrAl with
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Fig. 1. PXRD (A) and TEM images (B) of (a) Mg,Al, (b) MgzAl and (c) Mg4AL

R equal to 2, 3 and 4, respectively. Chemical analyses gave exper-
imental R=Mg/Al molar ratios of 1.95, 2.66 and 4.07, very close
to the desired chemical compositions (referred to as Mg,Al, Mg3Al
and Mg4Al), allowing to study the effect of anion exchange capacity
on cell adsorption. Particle size and zeta-potential (¢) of all studied
solids are given in Table 1. The particle size of LDH series (dried and
undried samples) showed opposite tendencies: it decreased with
the Mg/Al ratio for MgrAl kept in suspension while it increased for
dried MggrAl. The zeta-potentials of all LDH precursors were pos-
itive and visibly larger for undried samples. Adsorption of HA at
the LDH surface resulted first in a clear decrease of the particle
size of the precursors due to a partial exfoliation of the materi-

Table 1
Particle size and zeta-potential of LDH, LDH-HA complexes and cells.

Samples Particle size, nm ¢, mV
Dry 3812 +6.1 + 0.1
Mg, Al ud.2 1563 +23.7 £ 0.2
+10% HA 1990 -184+ 04
Dry 5445 +12.0 £ 0.5
ud.? 1387 +26.8 £ 0.2
Mgs;Al +2% HA 2456 -11.1 £ 04
+10% HA 1718 -19.4 + 0.5
+20% HA 1727 -244 + 04
Dry 8594 +6.4 £ 0.1
Mg,Al ud.? 957 +27.1+£0.2
+10%HA 1700 —29.6 + 0.7
Pseudomonas sp. strain ADP 1280-1990 -19.0 £ 0.5

2 ud.: undried products.

als and second in a charge inversion of the solid surface. Further
experiments performed on Mg3;Al showed that the negative zeta-
potential values increased continuously with the HA percentage
(Table 1).

TEM images of the different dried LDHs are shown in Fig. 1B.
Images suggest that precursors have a quite different morphology.
Although all materials are formed of nanosized platelets, they grew
or were associated in different ways. Mg, Al (Fig. 1B, a) display small
primary particles (50-200 nm) aggregated into the so-called “sand
rose” morphology with size of about 1-2 pwm, each of them being
formed from the association of 3, 5 or much more individual spher-
ical “roses” (detailed structure on Fig. 1B, a). In comparison, LDH
with Mg/Al ratio of 3 and 4 display larger platelets and aggregates
(Fig. 1B, b and c), as confirmed by dynamic light scattering (DLS)
measurements (Table 1). Well-defined hexagonal plate-like par-
ticles with particle size in the range from 0.1 to 1.5 wm are only
observed for Mg4Al phase, the thin flake primary particles being
stacked together. Note that all the compounds display similar BET
surface area, in the range of 25-35 m2/g (data not shown).

For undried LDH samples, particle sizes are smaller due to the
limitation of platelet aggregation. For Mg4Al, primary particle sizes
observed by TEM (780-930nm) are in good agreement with the
size measured by DLS (957 nm). Agglomeration is totally avoided
in this case. While for Mg, Al and Mg3Al suspensions, aggregation
of single particles occurs but is strongly reduced due to the absence
of drying.

In conclusion, the decrease in primary particles size in the series
Mg4Al>Mg3Al> Mg, Al leads to bigger aggregates or secondary
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Fig. 2. Effect of Mg;Al LDH concentration on cell adsorption percentage. Cell con-
centration: 1.25 x 10" mL-1.

particles. Drying obviously has a major effect on the aggrega-
tion of Mg4Al single particles and will probably affect adsorption
properties. It leads to bigger face to face packing while once the
aggregation is already advanced (i.e. Mg, Al sand roses like parti-
cles), less evolution of the particle size can be expected.

3.2. Pseudomonas sp. sorption onto LDH and LDH-HA complexes

The adsorption capacity of the different MggAl LDH has been
first investigated for a bacteria concentration of 1.25 x 1019 mL-!
and a wide range of solid concentrations (0.5-100g/L) using the
batch-equilibration technique. A preliminary kinetical study of sed-
imentation of bacterial cells, LDH and LDH-HA complexes showed
that cell suspensions were stable for at least a 5 h period whatever
their concentrations (Supporting information, Fig. S1a). Conversely,
LDH and LDH-HA suspensions showed rapid sedimentation; even
though a greater stability was observed for complex suspensions
(Supporting information, Fig. S1b). Pseudomonas sp. sorption onto
both LDH and LDH-HA complexes is instantaneous and no des-
orption has been observed after vigorous stirring of LDH/bacteria
mixture for up to 60 min (data not shown).

Results of adsorption for the considered cell concentration
showed that the cell uptake increases as more MgrAl adsorbent
is used. The example of MgsAl is given in Fig. 2. In all cases, 100%
of the cells were adsorbed for LDH amount greater than 5 g/L. For
the lowest solid concentration (0.5 g/L), an effect of the LDH Mg/Al
ratio was observed; Mg,Al, Mgs Al and Mg4Al adsorbed respectively
5%, 20% and 21% of the initial cell concentration. Before saturation,
cell uptake was linearly dependent on the solid amount. The bac-
teria removal efficiency corresponds to 13.5 x 1011, 41 x 10! and
45.5 x 10! cells/g for Mg, Al, Mgz Al and Mg4Al, respectively.

Adsorption isotherms of cells for dried and undried LDHs
and dried LDH/HA complexes (500 mg/L) are given in Fig. 3. All
isotherms belong to the H-type, i.e. cells have a high affinity for
supports. For dried LDHs (Fig. 3a-c) at low cell concentrations
(0.125-0.375 x 10'9mL-1), 100% of cells were sorbed; when the
cell concentration increased (0.375-1.250 x 1019 mL-1), isotherms
showed a plateau corresponding to the saturation stage, as stated
by the Langmuir model for molecular adsorption. The adsorption
capacity, determined at the plateau (Fig. 3a-c), clearly increases
with the Mg/Al ratio, dried Mg,Al showing the smallest value.
Pseudomonas sp. sorption shows the same tendency on undried
products but the adsorption capacities of these latter materials are
at least 3 times larger than for dried samples (Fig. 3d), 100% of cells
were sorbed at concentrations up to 0.875 x 1019 mL-1. The largest
adsorption capacity (160 x 10! cells/g of solid) demonstrated a
fresh suspension of Mg4Al The great enhancement of Pseudomonas
sp. affinities for undried products can be easily related to both the
increase of the zeta-potential values and the decrease of particle
size of the samples (Table 1).

Adsorption isotherms of cells for dried and undried LDHs
and dried LDH-HA complexes (500 mg/L) are given in Fig. 3. All
isotherms belong to the H-type, i.e. cells have a high affinity for
supports. For dried LDHs (Fig. 3a-c) at low cell concentrations
(0.125-0.375 x 1019 mL-1), 100% of cells were sorbed; when the
cell concentration increased (0.375-1.250 x 1019 mL~1), isotherms
showed a plateau corresponding to the saturation stage, as stated
by the Langmuir model for molecular adsorption. The adsorption
capacity, determined at the plateau (Fig. 3a—c), clearly increases
with the Mg/Al ratio, dried Mg,Al showing the smallest value.
Pseudomonas sp. sorption shows the same tendency on undried
products but the adsorption capacities of these latter materials
are at least 3 times larger than for dried samples (Fig. 3d), 100%
of cells were sorbed at concentrations up to 0.875 x 1019 mL-1.
The largest adsorption capacity (160 x 10! cells/g of solid) demon-
strated a fresh suspension of Mg4Al. Its the great enhancement of
Pseudomonas sp. affinities for undried products can be easily related
to both the increase of the zeta-potential values and the decrease
of particle size of the samples (Table 1).

The effect of particle size appears to explain such a trend. Two
sub-fractions of Mg4Al with different particle sizes (<2 wm and
>2 nm) were prepared and their cell adsorption capacities were
compared with the bulk precursor (Supporting information, Fig.
S2). All three isotherms are also of H-type. Adsorption capac-
ity of bulk precursor was 41 x 10! cell/g (mean) and (maximal).
The same values were obtained for >2 pm fraction. While for
<2 pm fraction mean adsorption capacity was 52 x 1011 cell/g and
maximal - 67 x 10! cell/g of solid. Based on the data, two main
conclusions can be made: (i) isotherms of sub-fractions are more
distinct and reproducible compared with the noisier one obtained
with the bulk product; (ii) adsorption is larger on fine particles
(<2 wm) as observed for undried samples.

Such a correlation between adsorption and physico-chemical
properties is less obvious for dried samples, due to their greater
heterogeneity. While particle size increases with R, adsorption
capacity also increases. The maximum adsorption uptake increases
in the series Mg,Al<MgzAl<Mg4Al. This behavior suggests that
interactions with bacteria probably modify their aggregation state.
Obviously, dried Mg4Al retains its aggregation state when re-
suspended in pure water but when in contact with bacteria,
it probably de-aggregates more efficiently and leads to higher
adsorption capacity.

Results of Pseudomonas sp. adsorption by Mgs Al LDH-HA com-
plexes with different HA contents are presented in Fig. 3c. Except for
Mg3Al-20%HA that exhibits a desorption phenomenon at high cell
concentration (>25 x 1011 g=1), the two other organoclays display
also H-type adsorption isotherms. Mean adsorption capacities of
LDH-HA complexes were 2-6 times smaller compared with precur-
sors, the adsorption capacity being the smallest for Mg, Al-10%HA.
The observed general tendency is a decrease of cell adsorption due
to the presence of HA. Adsorbed HA tremendously modifies the
surface properties of LDH as shown by the great change in ¢ val-
ues and leading to negatively surface charged solids (Table 1). The
increase of HA percentage had no visible influence on Pseudomonas
sp. adsorption despite the observed differences of LDH-HA com-
plex properties (Table 1). At a low LDH surface coverage of 2%HA,
LDH-HA nanocomposites are already strongly aggregated and
adsorption capacity toward cells is irremediably affected.

3.3. Statistics

Table 2 gives the correlation matrix of the data obtained.
Adsorption capacity of the studied LDHs and their HA complexes
best correlates with their zeta-potentials. Good positive correla-
tion was also obtained with Mg/Al ratio of LDH and good negative
correlation with the content of HA.
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Fig. 3. Isotherms of Pseudomonas sp. adsorption on LDH and LDH-HA with different Mg/Al ratio (A) Mg,Al, (B) Mg4Al, (C) MgsAl and (D) undried LDHs.

3.4. Characterization of Pseudomonas sp. strain ADP/LDH
adhesion

As shown by PXRD analyses (Fig. 4a), cell adsorption does not
affect strongly the structure of the inorganic solids. Mgs Al and Pseu-
domonas sp.-Mg3Al display nearly the same diffraction pattern; a
minor enlargement of the diffraction lines is observed for the bio-
nanocomposite, accounting for a slight loss of structural cohesion
of the stacked LDH platelets.

FT-IR spectra of cells, MgsAl and Pseudomonas sp.-MgsAl
bionanocomposite (25 x 10! cells/g LDH) are given in Fig. 4b.
The IR-spectrum of the bionanocomposite (Fig. 4b, iii) displays,
besides the typical vibration bands of Mgz Al (v3(NO3)=1384cm™1,
v1(NO3)=826cm-1, §(HOH)=1623cm~!, §(MOH)=839cm™!,
v(M0)=633cm~! and §(OMO)=411cm~"), several new adsorp-
tion bands at 2930cm~! (v(CH,) not shown), 1656cm~! (v(CO)
amide ), 1536 cm~! (v(NH) and v(CN) amide II), 1234 cm~! (v(NH)
and v(CN) amide III, skeleton stretching) corresponding to the
typical infrared feature of lipids and proteins and at 1083 cm~!,
the v(CO) stretching band of polysaccharides, as observed for free
cells (Fig. 4b, i). The v(OH) stretching band of H,O molecules is
much larger and intense because of a higher hydration degree.
One must notice the clear decrease of the v3(NOs3) band intensity
after cell adsorption due to a partial anion exchange of nitrate
by anionic residues of the outer cell surface. Recently, Rong et al.
[13,14] observed a shift of the (HOH) band to higher frequency for
kaolinite, montmorillonite and goethite modified by Pseudomonas
putida and concluded as a probing effect for cell adhesion onto the
clay surface. Such a shift is difficult to detect under the amide I and
amide II infrared features, in our case. However, the shift of the

Table 2
Correlation matrix of statistical analysis of data.

Mg/Al HA, % Size I Ads capacity, %
Mg/Al 1.00 -0.24 0.25 0.07 0.57
HA, % -0.24 1.00 -0.30 -0.78 —-0.58
Size 0.25 -0.30 1.00 0.10 0.03
¢ 0.07 -0.78 0.10 1.00 0.79
Ads capacity, % 0.57 -0.58 0.03 0.79 1.00

V(MO) position from 630 to 660 cm~! indicates a clear structural
effect of surface adsorption onto LDH platelets. This shift could be
assigned to the presence of polyvalent cations which could partici-
pate in bioadhesion, probably via biopolymers on the outer surface
of Pseudomonas sp. Such a role of polyvalent cations—polymer
interactions in bioadhesion of Pseudomonas aeruginosa strains to
glass and metal-oxide surfaces was already proposed by Li and
Logan [7].

TEM images of Pseudomonas sp.-Mg,-LDH bionanocomposites
obtained at different cell concentrations are given in Fig. 5. At low
cell concentration (12.5 x 101 g—1), the Pseudomonas sp. cells (see
arrows) create a monolayer biofilm (Fig. 5A) on the surface of the
“sand roses” aggregates. In increasing the cell concentration, most
of the Mg,Al particles participate to larger aggregates (Fig. 5B)
inside which the cells seem to be embedded (Fig. 5C). Strikingly, a
further increase of the cell concentration (250 x 1011 g-1) induced
the formation of multilayered biofilms leading to an unusual archi-
tecture based on a cell corona (see arrows) distributed around large
LDH aggregates (Fig. 5C).

With the MgsAl and Mg4Al LDH matrices, the TEM obser-
vations are quite different (Fig. 6). At low cell concentration
(12.5 x 101 g=1), they evidence the presence of cells (see arrows)
in interaction with the Mg3Al inorganic phase (Fig. 6A), whereas
no cell can be visualized by TEM for Mg4Al (Fig. 6C). Obviously,
the formation of a monolayer biofilm as previously described for
Mg Al, does not occur for these two different LDH compositions.
However for both (Fig. 6B and D), the increase of the cell concentra-
tion (250 x 10!! g~1) favours also the formation of larger aggregate
as for Mg,Al The thin platelets morphology of the Mg4Al particles
permits to clearly evidence the presence of cells within the aggre-
gates conjointly with cells at the aggregate periphery (see arrows
Fig. 6D).

3.5. Effect of Pseudomonas sp.-LDH and LDH-HA complex
adhesion on atrazine biodegradation

The biodegradation of AT by Pseudomonas sp. ADP was carried
out in the presence of different quantities of LDH (10, 25, 50, 75
and 100 mg/mL). Fig. 7 presents two examples of kinetics in the
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Fig. 4. (A) PXRD of (i) MgsAl association with cells (25 x 10" cells/g), (ii) Mg3Al
and (B) FT-IR spectra of (i) cells, (ii) MgsAl and (iii) MgsAl association with cells
(25 x 10" cells/g).

absence or presence of MggAl LDH (Supporting information, Fig.
S3A). LDH boosted the biodegradative activity of the bacterium
whatever their quantity, although no sorption of AT occurred on
these solids, the concentration found at Ty corresponding to the

Table 3
Kinetical parameters of atrazine biodegradation by Pseudomonas sp. strain ADP and
Pseudomonas sp. strain ADP-LDHs.

Clay k(h-1) r Multiplying factor
quantity of AT
(mg/mL) biodegradation
rate vs cells alone
Cells 0.055 0.987 1.0
10 0.058 0.979 1.1
25 0.362 0.992 6.6
Mg, Al 50 0.781 0.989 14.2
75 1.230 0.997 224
100 1.460 0.979 26.5
10 0.203 0.983 3.7
25 0313 0.979 5.7
Mg;Al 50 0.439 0.996 8.0
75 0.661 0.999 12.0
100 0.638 0.999 11.6
10 0.397 0.997 7.2
25 0.588 0.989 10.7
Mg, Al 50 0.820 0.989 14.9
75 0.429 0.967 7.8
100 0.343 0.992 6.2
Mg;Al-2%HA 50 0.255 0.990 5.1
Mg;Al-8%HA 50 0.066 0.985 1.3
Mg;Al-20%HA 50 0.050 0.997 1.0

expected one. However considering kinetics to be of first order,
the increase of the biodegradation rate depends on the LDH type
and on its quantity (Table 3 and Fig. 8A). For Mg,Al, a linear cor-
relation (r=0.987) was obtained, the more the adsorbent quantity,
the higher the biodegradation speed. A maximum factor rate of 26
was reached for Mg,Al suspension of 100 mg/mL. For Mg3Al and
Mg4Al, the maximum was obtained with 75 and 50 mg of LDH/mL,
respectively. According to the clay quantity, the biodegradation
rate increase varied with the layer composition of LDH follow-
ing: Mg, Al < Mgz Al < Mg4Al for LDH quantity lower than 50 mg/mL.
Once Mg4Al reached its maximum value, its biodegradation effi-
ciency isinverted (Mg4Al < MgsAl < < Mg, Al). The undried products
were also tested in the case of Mg, Al and Mg,4Al at the lowest quan-
tity (10 mg/mL) (Fig. 7 and Supporting information, Fig. S3B). They
have a stronger effect on the biodegradation kinetics than dried
LDHs, increasing the rate even at low LDH concentration from mod-
erate to a great extent (for example from a factor of 2.5 for Mg4Al
to a factor of 12 for Mg, Al in the case of 10 mg LDH/mL).

To gain better insight on the improvement of the biodegra-
dation, complementary experiments of AT biodegradation were
carried out in the presence of the different ions (NO3~, Mg2*, Al3*)
potentially released into the medium from LDH due to their dis-
solution equilibrium. A wide range of concentrations of KNO3 and

C
D
500 nm 2 pm

Fig. 5. TEM images of Pseudomonas sp. ADP-Mg,Al LDH at (A) low cell concentration (12.5 x 10'' g-!), (B) intermediate cell concentration (12.5 x 10" g=1) and (C) excess of

cells (250 x 10" g~1). Cells and cell colonies are indicated with arrows.
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Fig. 6. TEM images of (A and B) Pseudomonas sp. ADP-Mgs;Al, and (C and D) Pseudomonas sp. ADP-Mg4Al, obtained respectively at low (12.5x 10'' g-1) and high

(250 x 10'' g=1) cell concentrations. Cells and cell colonies are indicated with arrows.

MgCl, (10-100 mM) were tested for the effect on biodegradation.
Biodegradation experiments were also carried out under similar
conditions (1-50 mg/mL) with Mg(OH), and AI(OH)3; considered
as analogous layered metal hydroxides often encountered in the
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<2 pm soil fractions. No significant effect on the biodegradation
rate was observed. The supernatant, obtained after centrifugation
of a 24 h-stirring period of the different LDHs in water, was also
used as incubation medium for AT biodegradation. The biodegrada-
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Fig.7. Biodegradation of AT (100 M) by Pseudomonas sp. ADP and Pseudomonas sp. ADP-MggAl at (A) 10 mg/mL and (B) 100 mg/mL of solid. Mean values from 3 independent

experiments in each case.
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tion curve obtained was completely superimposed on that obtained
under standard conditions (free cells) in water (data not shown).
These results confirm that the increase of the biodegradative activ-
ity toward AT were really due to the interaction between the
bacteria and the LDH matrices.

The adsorption of Pseudomonas sp. on LDH-HA complexes lead
to some improvements of the bioactivity toward AT degradation,
in particular with low HA content. However, this positive effect
(increase of the biodegradation rate) was lower than with pure
LDH and decreased with HA mass loading increased (Table 3 and
Supporting information, Fig. S3C). This phenomenon correlated also
with the percentage of AT adsorbed on the solid matrix. In these
cases, two processes took place: sorption of both the substrate
(observed at Ty) and the bacterial cells.

4. Discussion
4.1. Cell adsorption

Bacteria adsorption on LDHs-NO3 and their HA complexes is
very fast: 90% of cells were adsorbed in less than 5 min. The adsorp-
tion capacities of MggrAl LDH toward Pseudomonas sp. cells are high,
45.5 x 1011 g~1 for Mg4Al for example. For all the series, adsorption
capacity increased as Mg/Al ratio increased. The values obtained are
at least one order of magnitude larger than Mg,Al-Cl efficiencies
previously reported [25,34]. Compared with other sorption mate-
rials (clay minerals, metal oxides/hydroxides, activated carbon),
LDHs demonstrate exceptional higher adsorption capacities [25].
Surface modification of LDH by HA leads to a noticeable reduction
of the cell adsorption.

In terms of an adhesion mechanism, electrostatic interactions
between bacteria and LDH platelet surface seem to play a key
role, as testified by the good correlations between adsorption effi-
ciencies and either zeta-potential values (R =0.79) or HA loading
(R2=-0.58). Nevertheless, cell adsorption does not increase sim-
plistically with LDH structural surface charge from Mg4Al to Mg,Al,
as it should be expected but it is more related to macroscopic
properties of the solids and particularly, ¢ value. Zeta-potential
does not directly account for the structural charge but depends
much on the electric potential at the surface of particles and con-

sequently on the nature of particle aggregation as observed. The
effect of Mg/Al ratio of LDH on bacteria adsorption is the most
surprising and differences in their Zeta-potential can explain this
effect only partly; {=—19+3mV for Pseudomonas sp. ADP cells
against +6.1 mV < ¢ <+12 mV for dried LDHs. It is interesting to note
that brucite and gibbsite samples which display positive zeta val-
ues adsorbed fewer amounts of cells and did not affect favourably
the biodegradation kinetics of Pseudomonas sp. (data not shown).
Surprisingly, major differences in adsorption capacities of undried
products cannot account only for changes in electrochemical sur-
face properties since they exhibit similar zeta-potential values
(Table 1). These results evidence that other parameters have to be
considered in the process, such as the accessible surface area of
fresh suspended LDH particles. Obviously, particle size and aggre-
gation state also affect strongly the adsorption capacities of LDH for
cells. With homogeneous LDH fresh suspensions, a logical increase
of cell adsorption with particle size decreasing is observed. Drying
irreversibly changes LDH properties which limit surface adsorption.

Additionally, from a mechanistic point of view, H-bonds con-
tribute strongly to cell adsorption. Indeed proteins have a strong
affinity for all types of surface [35-37]. This versatile affinity orig-
inates from the diversity of aminoacids that can be classified as
positively, neutrally or negatively charged and from hydrophobic
properties [38] which range from polar (hydrophilic) to non-polar.
These properties give rise to a wide variety of interactions with
mineral surfaces. For instance, aspartate and glutamate aminoacid
residues containing proteins and OH-groups of polysaccharide
compounds may help to anchorage the cells to the positively
charged hydroxylated surface of LDH. Also, polyvalent metal bridg-
ing probably contributes to adsorption due to the polymers on
the outer surface of the bacterium, frequently carrying a negative
charge.

In the presence of HA, other forces prevail. We assume that HA
molecules do not create a continuous coverage of the LDH particles
but rather exist as adsorbed clusters with a multilayered structure
developing hydrophobic domains favourable to AT adsorption but
letting some remaining LDH surface domains free for cell adsorp-
tion. This adsorption occurs then at the remaining bare hydrophilic
hydroxylated LDH surface. The MggrAl-HA behavior may then be
explained by both a masking effect of the overall positive charges
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of the layers and a reduction of the specific surface area due to
surface adsorption of the biopolymer. No big differences have been
observed on higher HA loading from 2% to 20% in case of Mg3 Al-AH.
Although the effect of HA adsorption by LDH on bacteria interaction
has not been previously discussed in literature, similar trends have
been found for other mineral surfaces [11,39]. In a recent study
on Escherichia coli attachment on different agricultural soils, Guber
et al. [39] showed that cell adsorption isotherms follow a linear
behavior. Adsorption capacities on these soils fell within the range
of 13.9-48.2 10*CFUg~! (CFU for colony-forming units). E. coli
attachment to soils was by the presence of manure. Increasing its
content generally decreased attachment.

4.2. Cell biodegradation activity enhancement

It has been reported that bacterial attachment to the support
could greatly influence in a positive or negative way the micro-
bial metabolic activity [20,40]. Our results showed clearly that
favourable adsorption of Pseudomonas sp. cells at the LDH sur-
face, preferential to self-assembling, increases greatly the bacterial
biodegradative activity for AT, a non-sorbed substrate. This phe-
nomenon is really due to the specific physico-chemical properties
of the anionic clay surface itself since no significant effect of LDH
constitutive ions on the biodegradation kinetics was demonstrated.

Nevertheless the effect was greatly dependent on both the
Mg/Al ratio and the LDH quantity. The maximal enhancing effect
was obtained with 100% of cells adsorbed on Mg3;Al and Mg4Al and
with the highest cell adsorption rate for Mg,Al (Fig. 8). The forma-
tion of a monolayer biofilm for Mg, Al was the most effective even
in a case of limited cell adsorption capacity of this product. This
intimate adhesion of cells on the entire surface of LDH particles
favoured the atrazine biodegradation. Several hypotheses can be
proposed to explain that: presence of an optimized local pH for the
bacterial activity due to the buffering capacity of clays (around pH
8.5), changes in the structure and permeability of the membranes
due to adhesion, hindrance of AT adsorption by cell due to compact
biofilm formation. When the cell/solid ratio increased, multilayered
biofilms of bacterial cells were formed and the effect on atrazine
biodegradation was at a lower extent, certainly due to substrate
diffusion problem.

This acceleration effect was lost, with more LDH-HA complex
present and higher HA percentage. LDH-HA organoclays display
also significant kinetical effect on AT biodegradation. However,
modification of LDH surface by HA complexation reduced up to
6 times the cell adsorption compared to bare LDH. The sorption
surface sites were occupied by HA and interactions between bac-
terial cells and LDH were no longer or less favoured. Conversely,
sorption process of AT on LDH-HA complexes occurred in a greater
or lesser extent depending on the content of HA and the type of
LDH. It was therefore difficult to correctly attribute the effect loss
on biodegradation to one or the other phenomenon.

5. Conclusion

In conclusion, adhesion of bacterial cells on a LDH matrix can
greatly influence the metabolic activity of contaminant biodegra-
dation even in the case of non-sorbed contaminant. A great
enhancement of AT biodegradation kinetics was observed due to
the formation of Pseudomonas sp. ADP-MgAl bionanocomposites.
This beneficial effect depends on both the quantity and prop-
erties of the LDH solid (Mg2*/AI3* ratio; presence or absence
of HA) and also on the architecture of the bacterial biofilm
formed. The obtained results make this type of synthetic prod-
ucts with their unique structure an ideal and promising solid for
microbiological applications. Ex situ bioremediation of atrazine
contaminated water by Pseudomonas sp.-MggAl could then be

envisaged favourably. Use of LDHs as mineral supports for cells
will be extended to other bacteria and biodegradation of other
xenobiotics.
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