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Abstract

This work focused on the study of phosphorus adsorption on the marine sedimentary layer from Vridi canal. The first part of
this work has lead on the study of phosphorus adsorption kinetics on these sediments and, the second part on the study of
phosphorus adsorption isotherms at 25°C on these entities. These studies were carried out under three experimental
conditions partially simulating the seasonal physical and chemical characteristics of the waters from this estuary, namely:
(E1) pH = 6, Salinity = 5%; (E2): pH = 7; Salinity = 30%; (E3): pH = 8, Salinity = 35%. The experiments were carried out
in batch mode. The results have showed that the rate of phosphorus adsorption on these sediments increases from E1 to E3.
The kinetics of this reaction are all pseudo-order 2 (Blanchard model). As a result, Blanchard model takes precedence over
the diffusion kinetics of this nutrient in these substrates, and those in all the experiments carried out. Langmuir isotherm
describes well the experimental isotherms obtained in E2, with favorable adsorption at the different concentrations of the
synthetic phosphorus solutions, as illustrated by Hall adimensional number less than 1. The experimental isotherms obtained
in E3 are in agreement with Freundlich isotherm, with a favorable adsorption shown by the heterogeneity factor less than 1.
A good description of the isotherm obtained in E1 isn't given by these two formalisms, thus reflecting the existence of the
different types of sites on these sediments surface, with a considerable difference in adsorption energy depending on their
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position.
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Introduction

Because of its properties, phosphorus (P) is one of the essential
chemical elements in ecosystems. In addition to its multiple
anthropogenic uses, it is fundamental in the physiology of living
organisms, where it is involved in DNA, bones and cellular
metabolism of plants. Its intensive anthropogenic use has ended
up causing severe ecological adverse effects to the entire
ecosystem, i.e eutrophication. This ecological phenomenon is
responsible of the uncontrolled proliferation of aquatic plants of
all kinds in water bodies™. Nitrogen and P are considered its
limiting factors, but P is its controlling factor. This is due to
sedimentary biogeochemical cycle of P, which is easily
controllable®*. Thus, P study in aquatic ecosystems has always
been a major focus, particularly that concerning its adsorption
on sediments®™*.

P adsorption on sediments is linked to very complex processes
related to each other. These processes depend both on the waters
bodies hydrosystems (topography, hydrology, current, tide,
etc.’**®) and the biogeochemical reactions (precipitation, ion
exchange, adsorption, absorption, assimilation, etc.'**®). They
are governed by several factors, including temperature, nature
and composition of sediments, pH, organic matter and
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salinity*™'®*".  According to its concentration and the

characteristics of aquatic ecosystems, P can accumulate in high
quantity in sediments. As a result, sediments play an important
role in the balance, metabolism and dynamic of P*3.

Located in Abidjan district, Vridi canal is the only route
between Ebrié system and Atlantic Ocean. This artificial estuary
is subject to strong anthropogenic pressures. This fact is
translated by its relatively advanced pollution status. For
illustration, Yao et al.*®, Yao and Trokourey™, Yao and
Trokourey® noted that this estuary has a relatively high level of
metallic pollution, with significant ecological risks. Also, the
works of N'Da et al.** have shown that P level in these
superficial sediments are relatively important and likely to show
eutrophication. This ecological risk is linked to P presence
essentially in particulate bioavailable and authigenic apatite
forms. As a prelude to decision-making aimed at protecting this
ecosystem for its short or long-term development, it is important
to understand some mechanisms of its function mode. It is in
this context that this study, dealing with P adsorption on the
marine sedimentary layer from this artificial estuary, was
carried out. Its main purpose is to determine the P adsorptive
capacity of these sediments as a function of salinity, the initial
concentration of synthetic P solutions and pH.
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Materials and methods

Study area: Vridi Canal is located in Southern Céte d'lvoire, at
exactly 4°0'50" West longitude at the North latitude of 5°1523".
This canal is 2.7km long and 370m wide, with depths ranging
from 12 to 15m and pits of 10 to 25m % Due to its position, it
has an impressive hydrological network, consists of Ebrié
system and Atlantic Ocean on the one hand, and fluvial
contributions that the most important of which are Mé coastal
river and Comoé river to the East, and Agnéby coastal river to
the West on the other hand. Its waters seasons are characterized
by five seasons: a hot season (HS) from February to April; a
rainy season (RS) from May to July; a great cold season (GCF)
from August to September; a flood season (FS) from October to
November and a short cold season (SCS) from November to
December”. The entire area from Ebrié system to Atlantic
Ocean has its remarkable biodiversity threatened by the heavy
pollution caused by strong anthropic pressures. Indeed, this
marine estuary is currently the only real escape route for all
kinds of pollutants from the entire Abidjan district to Atlantic
Ocean, but also by those drained by fluvial contributions®.
Also, pollutants of marine origin transit there to reach Ebrié
system. So, it is a pollutant hotbed of all kinds. Its hydrological
network strongly influences the nature and composition of these
superficial sediments. Indeed, Yao et al.’® noted that its
superficial sediments are sandy in general. However, the nature
and composition of these sediments differ from its continental
entrance to its marine entrance. The superficial sediments from
its marine entrance are composed of (2.99+1.51)% of rudites,
(92.19£12.50)% of sands and (4.82+0.41)% of clays. Those
from its central part are (5.43+2.72)% of rudites, (79.90+8.09%)
of sands and (14.6£0.50)% of clays. With regard to the
sediments from its continental entrance, they are composed of
(0.77£0.39)% of rudites, (52.43+4.38)% of sands and
(46.80£1.05)% clay. Thus, there is a decrease in the particle size
of these sediments from its marine entrance to its continental
entrance™.

Samples collection and clean-up: In this study, only the
superficial sediments from the marine entrance of Vridi Canal
were considered, since of marine origin. So, in order to better
study P adsorption on the marine sedimentary layer from this
estuary as a function of its water seasons, a monthly sample was
doing to its marine entrance from April 2014 to March 2015, a
collection of 12 samples. The sediment samples were taken 5
cm below the superficial sediments using a Van-Veen grab
according to AFNOR X 31-100 standard®. After their
collection, the sediment samples are immediately stored in
polyethylene flasks. In laboratory, they have been previously
cleared of coarse elements and then cold-dried by freeze-drying
to a constant weight in accordance with AFNOR NF EN I1SO
16720 standard®. Finally, they are stored in well-dried and
tightly closed polyethylene flasks. These flasks are stored in the
dark at approximately 20°C.

Synthetic P solutions used in this study: In order to approach
the natural conditions of this aquatic ecosystem, three synthetic
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P solutions have been prepared. Also, they aim to evaluate the
influence of pH, the initial concentration of the synthetic P
solutions and that of salinity on P adsorption on the marine
sedimentary layer from Vridi canal. So, pH and salinity of the
synthetic P solutions used in this study are: i. E1: pH = 6 and
salinity = 5%, to approach the character of the waters from this
estuary in FS where Comoé river settles there; ii. E2: pH = 7
and salinity = 30%, to partially simulate the character of the
waters from this estuary in SCS where it is observed the rise of
cold marine waters during the small marine upwelling season of
Atlantic Ocean in this ecosystem in the presence of Comoé
river; iii. E3: pH= 8 and salinity = 35%, to partially characterize
the waters from this estuary in the seasons of strong oceanic
influences (HS, RS and GCS).

pH of these solutions was adjusted by 0.01M HCI and 0.01M
NaOH in presence of the various corresponding salinities. These
synthetic P solutions were prepared at various concentrations (0,
0.5, 1, 2, 5, 10, 20 and 50mg/L) from potassium dihydrogen
phosphate (K,HPOy,).

P assay in the tests: Murphy and Riley method®, standardized
by AFNOR NF T90-023%, was used to assay P concentrations
in the various test doing. The spectrophotometer Jenway 7315
UV/Visible was used for this purpose.

Dynamic mode used in this study: The Batch experiment was
used to study the kinetics and the determination of P adsorption
isotherms on the marine sedimentary layer from Vridi canal.
The use of this dynamic mode, common in the realization of
such a study, has the following advantages: the repeatability and
speed of the implementation of the experiments as well as their
large-scale realization; the possibility of studying the mobility
of P on highly evolved sediments; the possibility of comparing
P adsorption capacities on many sediment or soil samples and;
the determination of the different adsorption mechanisms of this
nutrient on theses substrates®®.

Experimentations of P adsorption kinetics: The study of P
adsorption kinetics was carried out taking into account the
seasonal nature of the waters from this canal. So, 4g of the
sediment samples were placed in contact with 200 ml of each
synthetic P solutions at different concentrations (0.5, 1, 2, 5, 10,
20 and 50mg/L) in 250ml Erlenmeyer flasks. These flasks were
stirred at 300 rpm to simulate the strong hydrodynamism of this
estuary. At regular time intervals (0, 15, 30, 60, 90, 120, 150,
180, 210, 240, 300, 360, 420, 480, 540, 600, 660, 720min), 10
ml of the test were collected and filtered on Whatman filter
paper. The instantaneous P amount adsorbed on the sediments at
time t (q (t)) is given by:

a(®) = (G- C)~ &

with C; and C,, P initial concentration and P concentration at
time t in the solution test respectively; V, volume of the
synthetic P solutions; m, mass of sediment samples.
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Determination of the pseudo-order of P adsorption kinetics:
For the determination of the pseudo-order of P adsorption
kinetics on the marine sedimentary layer from Vridi canal, the
characteristics of the plot of log (ge-g (t)) as a function of t (2)
were used for Lagergren model® (pseudo-order 1) and the plot

of — as a function of t (3) for Blanchard model® (pseudo-

q(®)
order 2).
Log(e — a(t)) = log (de) — 7 @)
t 1 1 (3)

a® ka2 qe

With q(t) and g, (mg/g), P amount adsorbed by the sediment
samples layer at the time t and at equilibrium respectively; ki,
the kinetic rate constant of pseudo-order 1(t%); k,, the kinetic
rate constant of pseudo-order 2 (mg™*t™).

Of these two models, the best is that simultaneously presenting
the high correlation coefficients (R) and the low differences
between theoretical g, values and the experimental g, values.

Diffusion kinetics models used for the characterization of P
adsorption kinetics: Two kinetic diffusion models were used in
this study: the external diffusion model and the intraparticular
diffusion model. For the external diffusion model, the plot of In
(1-F) as a function of t (4)**? was used to characterized this
diffusion. Concerning the intraparticular diffusion model, it was
used Weber and Morris model®, namely the plot of q(t) as a

1
function of tz (5).

In(1-F) = —kgt (4)

q(t) = kqt? + 5)

with F=?; ke (tY), the external diffusion constant; kg,

(mg/g.h"?) the intraparticular diffusion constant.

If the diffusion kinetics is intraparticular then the plot of g (t) as
a function of t“2 is a straight line with a high correlation
coefficient (R> 0.900), while if it's external the plot of -In (1-F)
as a function of t is a straight line, and that also with a high
correlation coefficient (R> 0.900).

Determination of the experimental adsorption isotherms:
The studies leads on P retention on sediments with batch mode
show that the equilibrium is usually reach between 4 and 48
h*L, Thus, the experimental adsorption isotherms were carried
out for 48 h, at the room temperature (25+1°C), because the
water temperatures changes very slightly in Vridi canal and is
very close to that of air ambient temperatures. The tests were
carried out under the same conditions as that of the study of P
adsorption Kinetics, with the difference that P concentrations at
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the equilibrium is evaluated after 48 h. P amount at the
equilibrium (ge) (mg/qg) is obtained as follows:

de = (G — Co) (®)

with C;and C,, P initial concentration and P concentration at the
equilibrium in the solution tests respectively; V, volume of the
synthetic P solutions; m, mass of the sediment samples.

Characterization of the experimental adsorption isotherms:
The experimental adsorption isotherms obtained were
characterized using the classification of Giles et al.** and that of
Brunauer®.

Experimental adsorption isotherms modeling by Langmuir
and Freundlich isotherms: The modeling of experimental
adsorption isotherms was doing first by Langmuir isotherm*
using its five linear forms (from 7 to 11)

L) =X @)
L2) =t = xC ®
(L3) Qe =~ g+ dn (©)
(L4) Z_Z = —Kpqe + K qn (10)
(L5) o =Kuam—Ki (12)

With: g,, P amount taken by the sediment samples at the
equilibrium (ge) (mg/g); gm, P maximum amount taken by
sediment (q,,) (mg/g); Ce, P concentration at the equilibrium in
the solution tests; K (L/g) the Langmuir constant.

The best of these linear forms leading to a better approach of the
experimental adsorption isotherms was chosen taking into
account the following conditions: i. this model must have a
strong correlation R (R > 0.900) with the experimental data; ii.
the Root Mean Square Error must be inferior at 10% and be the
lowest.

The assessment of the adsorption capacity of Langmuir
isotherm® corresponding at best to the experimental adsorption
isotherms has been doing by the adimensional number of Hall
(RD*"

_ 1
- 1+KLCj

L (12)

with: K (L/g) the Langmuir constant; C;, P initial concentration
in the solution tests.

Thus, the adsorption is: irreversible for R, = 0; favorable for 0
<R, <1; linear for R, = 1; unfavorable for R > 1.
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The experimental adsorption isotherms were then modeling by
Freundlich isotherm®. As for this isotherm model, its linear
form (13) was used.

Ing, = InKg + nifln Ce (13)

With: ge, P amount taken by the sediment samples at the
equilibrium (ge) (Mg/g); C., P concentration at the equilibrium

in the solution test; Kr (L/g) the Freundlich constant; nl , the
f
heterogeneity factor.

Ifni is unity, the adsorption is linear.
f

This means that the adsorption sites are homogeneous (as in the
Langmuir isotherm®) from the energy point of view and no
interaction takes place between the adsorbate and the adsorbent.

If the value of nl is smaller than 1, the adsorption is favorable;
f

and the sorption capacity increases in this case with the
production of new adsorption sites. When the value of R

ng
greater than 1, the adsorption link becomes weak. The
adsorption is unfavorable due to decreases in adsorption
capacity™.

The choice conditions for this formalism to describe the
experimental isotherms obtained were the same as those used in
the case of Langmuir isotherm®.

Results and discussion

Study of the simultaneous effect of pH, salinity and P initial
concentration on P adsorption kinetics: All plots of q = f (t)
generally have the same profile. Two distinct characteristics
were noted in P adsorption kinetics on the marine sedimentary
layer from Vridi Canal. The first was characterized by two
phases and, the second by three phases. Concerning P
adsorption kinetics characterized by two phases, it was observed
in E1 and E2 for C; = 0.5; 2; 20 and 50mg/L, E2 and E3 for C; =
5mg/L, and simultaneously in the three experiments (E1, E2 and
E3) for C; = 10mg/L. In these cases, the equilibrium time is
reached after 0.25h. Thus, it was observed a fast kinetics
between 0 and 0.25h, followed by the pseudo equilibrium phase
beyond 0.25h. For P adsorption Kinetics characterized by three
phases, it was observed in E1 for C; = 5mg/L, E3 for C; = 0.5; 2;
20 and 50mg/L, and simultaneously in the three experiments
(E1, E2 and E3) for C; = 1mg/L. Except in E3 for C; = 0.5mg/L
where the equilibrium time was obtained after 2h, all other cases
have the equilibrium time after 0.5h. As a result, there was
observed almost negligible P adsorption between 0 and 0.25 h
(between 0 and 2h in E3 for C; = 0.5mg/L). This fact was
followed by its rapid adsorption between 0.25 and 0.5h for C; =
0.5 and 5mg/L in E1, for C; = 20 and 50mg/L in E3, and in all
experiments for C;= 1mg/L and between 2 and 2.5h for C; = 0.5
mg/L in E3. It follows a pseudo equilibrium phase after this step
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(Figure-1). ge increases with C; in all the experiments carried
out. It is the same case from E1 to E3, except for C; < Img/L
(Table-1).

The profiles of P adsorption kinetics on the marine sedimentary
layer from Vridi canal are generally similar to those obtained by
Hei et al.?, Huang et al.”, Huang et al.?, Li et al.” and Bai et al.'*
in similar studies.

The different equilibrium times, mostly less than 1 h, illustrate a
rapid reactivity of P with respect to these sediments. This fact
has been noted by Chmielewka et al.*, concerning the kinetics
of P retention on materials of natural origin (the equilibrium
time less than 60min) such as montmorillonite, zeolite, alginate.
ge values observed in this study are higher than those obtained
by Cao et al.® from the study of P adsorption on the marine
sedimentary layer from Sanggou Bay and, to those of Meng et
al.!° on the marine sedimentary layer from Changjiang Estuary.
On the other hand, they are very low compared to those
obtained by Bai et al. in such a study with the marine
sedimentary layer from Yellow River Delta (China). An
increase in P concentrations in solution would favor a collision
between phosphate ions and the active sites of these
sediments®.

This process would explain the increase of g, with C; in all
different experiments carried out. This observation confirms the
influence of ge on P retention by substrates as a function of the
concentration gradient**. Thus, this process would show the
existence of external resistance to mass transfer due to the
external film (access to Gouy-Chapman diffusion limit layer*").
This resistance decreases with the increase of the concentration
gradient and with that of the agitation time*. This phenomenon,
coupled with some physical and chemical process, explains
some particularities observed in this study. Indeed, its coupling
with P remobilization from its apatite forms®®* could explain
the low adsorption of this nutrient for values for C; < Img/L in
E1 with respect to E2 and E3. Also, they would cause the very
low P adsorption (almost zero) in E1 for C; = 0.5; 1 and 5mg/L
between 0 and 0.5h. This mass transfer resistance with the high
salinity would also impact P adsorption in E2, almost zero for C;
= 1mg/L between 0 and 0.25 h. Also, its simultaneous coupling
to the high salinity’** and the basicity of the synthetic P
solutions (initial competition between the hydroxide ions (OH-)
and phosphate ions on the various adsorption sites®) in E3
would inhibit P adsorption for C; = 0.5 between 0 and 1.5 h, and
Ci =1, 2; 20 and 50mg/L between 0 and 0.5h. In general, it was
noted a rapid adsorption of phosphate ions in solution on these
sediments surface (the first stage of the two-phase kinetics and
the second stage of the three-phase kinetics), followed by their
gradual adsorption. This adsorption is similar to the retention in
the channels or pores of materials (diffusion phenomenon) (the
second stage of the two-phase kinetics and the third stage of the
three-phase kinetics). The observations noted by Liu et al.** on
the decay of P adsorption on sediments for pH between 6 and 8
were confirmed in this study, and this by the decay of ge from
Elto E3.
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Table-1: Evolution of P concentration at equilibrium (qge) as function of P initial concentrations (C;).

P initial concentration (C; (mg/L))
Parameters
0.5 1 2 5 10 20 50
El PH :_6 0.100 2.720 15.228 24.410 36.172 103.261 113.34
salinity = 5%
E2 _PH :_7 ge 0.679 4.742 5.766 25.1 33.553 44.118 51.627
salinity = 30% (mg/g)
pH=8
E3 salinity = 35% 0.650 3.633 6.001 28.34 34.42 45.360 56.253
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Figure-1: P amount adsorbed by the sediment samples from Vridi canal at the time t (q(t)) as a function of t for the different P
initial concentrations.
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In the end, it appears from the results obtained that P retention
depends on pH, concentration and salinity of the initial synthetic
P solutions. Thus, these parameters would influence not only
phosphate ions speciation in solution, but also the nature of
minerals surface charges constituting these sediments. This
strong influence of these parameters on this phenomenon shows
that it is due to electrostatic interactions (attraction/repulsion),
chemical and/or ligand exchange. These types of reactions were
mentioned by Coulibaly®. In addition, these results obtained are
in according with those of N'Da et al.?*; which noted a relatively
high presence of P in the superficial sediments from Vridi Canal
in the presence of Comoé River (natural conditions partially
simulated by E1) compared to the seasons when the influence of
Atlantic Ocean is very important (partially simulated natural
conditions by E2 and E3). Therefore, it is concluded the
fundamental importance of pH, salinity and P flux contributions
in the dynamics of this nutrient in the marine sedimentary layer
from this artificial estuary.

Kinetics adsorption modeling by Largergren and Blanchard
models: The characteristics of Lagergren model (pseudo order

Int. Res. J. Environmental Sci.

1)® and Blanchard model (pseudo order 2)* obtained from the
experimental data are given in Table 2. R values obtained with
Lagergren model®, between 0.308 and 0.946, are relatively low
in most cases. It is the same for its theoretical qe compared to
the experimental ge. Regarding R values for the Blanchard
model®, they are all important (between 0.946 and 1). Also, the
theoretical ge obtained with this model have a low difference
with the experimental g.. The initial rates of P adsorption on
these sediments are very important in Blanchard model®
compared to those obtained by Lagergren model®. From these
results, it appears that P adsorption on the marine sedimentary
layer from Vridi canal can't be translated by Lagergren model?.
Thus, the rate of this reaction doesn't depend only on P
concentration in the synthetic solutions. It would involve other
parameters as suggested by its relevance to Blanchard model®.
The similar results have been obtained by Coulibaly® in the
case of the study of P adsorption on geomaterials and, by Bai et
al.** in a similar study with soils originating from "Yellow River
Delta" (China). The acuteness of Blanchard model® to describe
such processes would be based on taking into account the real
heterogeneity of complexation sites®.

Table-2: Characteristics of Largergren and Blanchard models applied to the experimental data in this study.

Parameters Model Rate P initial concentration (C;)
05 1 2 5 10 20 50
K, 0.368 0.530 0.677 0719 | 0666 0.633 0.603
G 0.031 0.095 0.246 0314 | 0223 0.180 0.244
Largergren = 0.756 0.516 0.564 0516 | 0431 0.431 0.429
_ A model . . . . . . .
S?I_i'n;t&— R 0.892 0.718 0.751 0718 | 0657 0.657 0.655
i Ky 9490 | 66.613 4.225 20 0.052 8.100 6.40
0113 2.740 15385 25 40 111111 125
Blanchard q;,cza. 0.999 1 1 1 0.956 1 1
model : i
R 0.999 1 1 1 0.978 1 1
K, 0.442 0.712 0.599 0274 | 0723 0.113 0.541
Qo 0.095 0.231 0.115 0104 | 0424 4199 9.423
Largergren R 0.648 0.588 0.504 0465 | 0526 0514 0.496
. model : : : : : : :
szﬁnf'— R 0.308 0.767 0.710 0465 | 0725 0.489 0.704
0 K, 1.331 8.740 2.924 1521 | 0841 4.840 5.157
" Geca 0.774 4.785 5.848 26641 | 34483 | 45455 | 52632
anchard R 0.046 0.999 0.999 1 0.999 1 1
model : : : :
R 0.946 0.999 0.999 1 0.999 1 1
k. 0.378 0.442 0.654 0518 | 0382 0.548 0.696
o ca 0.640 0.094 0.469 0163 | 0,060 0.201 0.601
Largergren = 0.894 0.503 0.616 0435 | 0380 0.416 0.491
—o. model . . . . . . .
SF;'I*in;t&_ R 0.946 0.709 0.785 0435 | 0616 0.645 0.701
35%2' - K, 1.278 3.754 2.723 0.673 7.84 4.84 2.890
o ca 0.816 3.650 6.061 28571 | 35714 | 45455 | 58.824
Blanchard -
R 0.994 1 0.999 0.999 1 1 0.999
model : : : :
R 0.997 1 0.999 0.999 1 1 0.999

With: g car, theoretical ge (mg.g™Y); ky, the kinetic rate constant of pseudo-order 1(t™); k,, the kinetic rate constant of pseudo-order 2 (mg™*t™).
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P kinetics adsorption modeling by intraparticular and
external diffusion models in this study: The characteristics of
the external diffusion model and the intraparticular diffusion
model obtained from the experimental data are given in Table 3.
The plots of the experimental data according to the equations of
these diffusion models are not straight lines (Figures 2 and 3).
The different linear correlation coefficients R (between 0.329
and 0.868 for the intraparticular diffusion model, and between
0.311 and 0.894 for the external diffusion) are relatively low.
Thus, the diffusion isn't the only mechanism limiting P
adsorption on the marine sedimentary layer from this artificial
estuary. There are two linearities in the diffuse modeling of this
kinetics: one before the equilibrium (first step) and the other
after the equilibrium (second step). This fact suggests two steps
in the diffusion of this adsorption process. The diffusion
phenomena have a particular importance with the increase of C;.

In the case of external diffusion, the results obtained show that P
external diffusion in the film around the adsorbent particles
(boundary layer) wouldn't limit the adsorption process. So, the
agitation rate applied during the batch mode tests isn't sufficient
to break the resistance exerted by the boundary layer to the
transfer of phosphate ions to the sediments surface. Thus, is it to
confirm the existence of an external resistance to mass transfer
due to the external film (access to Gouy-Chapman diffusion
limit layer*)). This external resistance decreases with increasing
concentration gradient and stirring time, as already be noted
during the study of the simultaneous influence of pH, salinity
and initial concentration on the kinetics of P adsorption on these
marine sedimentary layer. As noted by Djelloul®, the first step
of the external diffusion is related to the rapid migration of
phosphate ions in the different interparticle spaces, followed by
the second step which concerns a slow migration in these
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spaces. This external diffusion is influenced by intraparticular
diffusion, which doesn't also limit P adsorption kinetics on these
sediments. This distribution is also done in two stages.
According to Coulibaly* and Chmielewska®, the first step of
the intraparticle diffusion corresponds to an instantaneous
fixation of phosphate ions on the reactive sites (instant
adsorption), and the second step relates to the slow diffusion of
these ions to the inside pores (gradual adsorption). The
increasing of kg (the intraparticular diffusion coefficient) with C;
shows that P transfer to the active sites inside the pores by
diffusion accelerates this process. This process is therefore
instantaneous for the high initial concentrations of P¥. Karaca et
al.*’ explain the increase of k4 with that of C; is due to the
intensification of the driving forces created by the interactions
between phosphate ions. These forces would reduce external
diffusion and promote intraparticular diffusion. This fact could
explain the simultaneous observation of the two stages in these
diffusions. It may therefore be suggested that rapid external
diffusion is followed by the rapidity of intraparticular diffusion
before the equilibrium time. The progressive saturation of the
pores by P retention would affect the intraparticular diffusion,
which becomes slow. This fact would have repercussions on the
external diffusion, which itself becomes slow also: it would be
reached the equilibrium. These observations in this study on the
intraparticular diffusion have also been doing in several studies,
including that by Masmoudi et al.* concerning the use of
activated carbons for the mercury removal of in aqueous
solution, and those of Ouakouak and Youcef*® in the study of
Cu?* adsorption on activated carbon and bentonite.

In the end, it appears from these results that Blanchard model®
take precedence over that of diffusion in this study.

Table-3: Characteristics of external and intraparticular diffusion models obtained from the experimental data in this study.

P initial concentration (C;)

Parameters Model Rate 05 1 > 5 0 20 50
Kq 0.027 0.615 2.334 5.501 7.852 13.72 15.04
Intraparticular C 0.041 1.267 9.795 11.34 17.55 71.66 78.71
pH = 6; diffusion model R? 0.537 0.406 0.347 0.406 0.407 0.264 0.263
Salinity = R 0.733 0.637 0.589 0.637 0.638 0.514 0.513
5%o External diffusion K 0.325 0.325 0.219 0.18 0.106 0.069 0.061
model R? 0.799 0.361 0.300 0.235 0.213 0.131 0.126
R 0.894 0.601 0.548 0.485 0.462 0.362 0.355
Kg 0.169 1.18 1.094 2.845 5.99 6.127 1.028
Intraparticular C 0.249 2.011 3.726 18.08 19.15 28.84 43.62
pH=T7; diffusion model R? 0.514 0.463 0.408 0.242 0.424 0.343 0.108
Salinity = R 0.717 0.680 0.639 0.492 0,651 0.586 0.329
30%o External diffusion Ks 0.12 0.332 0.213 0.092 0.17 0.125 0.103
model R? 0.341 0.366 0.245 0.148 0.283 0.244 0.169
R 0.584 0.605 0.495 0.385 0.532 0.494 0.411
Kg 0.274 0.704 1.649 4.567 3.805 8.738 12.31
Intraparticular C 0.042 1.861 1.716 16.88 25.08 23.27 24.80
pH=8; diffusion model R? 0.753 0.372 0.539 0.371 0.228 0.368 0.463
Salinity = R 0.868 0.610 0.734 0.609 0.477 0.607 0.680
35%o External diffusion Ks 0.099 0.356 0.311 0.171 0.062 0.238 0.15
model R? 0.330 0.453 0.411 0.200 0.097 0.210 0.284
R 0.574 0.673 0.641 0.447 0.311 0.458 0.533

With: kg (the intraparticular diffusion coefficient) (mg.g™.h™?); ky (the external diffusion coefficient) (t7); C (mg/g).
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Figure-2: Plot of the experimental data for the intraparticular diffusion model from the experimental data in this study.
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Figure-3: Plot of the experimental data for the external diffusion model from the experimental data in this study.
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Classification of the experimental adsorption isotherms: The
experimental adsorption isotherms obtained in this study are all
of type L2 in the classification of Giles et al.** and type |
according that of Brunauer®® (Figure-4). This type of isotherm is
characterized by a rapid increase in the adsorbed amount in the
range of low equilibrium concentrations followed by an
approximately horizontal plateau to the saturation vapor
pressure obtained at high concentrations. This isotherm is
generally attributed to adsorption on a surface with
micropores®. According to Giles et al.**, this type of isotherm is
the most common for such studies. It is characterized by slow
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adsorption as the degree of recovery increases. The adsorption
in this type of isotherm is done by progressive occupation of the
available sites until saturation®. Therefore, no more retention
occurs once these sites are occupied (establishment of the
monolayer). In the case of P adsorption by this isotherm, more
explications are given by Barrow™. According to this author,
when an orthophosphate anion adsorbs specifically on a surface,
the surface electric charge increases and the reaction with an
additional orthophosphate anion molecule becomes less easy.
There is therefore a decrease in the affinity of a surface for
orthophosphate anion with its adsorption.
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Figure-4: Experimental isotherm obtained in this study at 25°C.
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Experimental adsorption isotherms modeling by Langmuir
and Freundlich isotherms: The application of the five linear
forms of Langmuir isotherm® to the experimental data shows
that L1 leads to a better approach of the experimental adsorption
isotherms. This fact is reflected by the strong correlations
observed between L1 and the experimental data, unlike the other
four linear forms of this model (Table-4). Comparing these
results with those obtained with Freundlich isotherm® (Table-
5), the following remarks are doing: i. these two models of
isotherm, although having a relatively good correlation with the
experimental data, don't give a good description of the
experimental adsorption isotherms obtained in E1, because of
their too high RMSE; ii. Langmuir isotherm (L1), with a
correlation close to 1 and a very low RMSE (<10%) is more
suitable than Freundlich isotherm for the experimental
adsorption isotherm modeling obtained in E2; iii. Freundlich
isotherm has good sharpness compared to that of Langmuir (L1)
for the description of the experimental adsorption isotherms
obtained in E3, because it has the lowest RMSE despite its R
value lower than that obtained from Langmuir model (L1).

On the other hand, the adimensional number of Hall (R.)*
decreases with C; in E2 and is less than 1 for all these
concentrations (Table-6).

The capacity of L1 to approach the experimental results
compared to the four other linear forms of Langmuir isotherm in
this study are in agreement with the results obtained by
Djelloul*® in the framework of textile effluents elimination by
milk thistle seeds. This fact would justify the great frequency of
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the application of this linear form of Langmuir isotherm for
experimental adsorption isotherms modeling in solid-liquid
adsorption phenomena, particularly that of P adsorption on
substrates®®3%*13 The good modeling of the isotherm obtained
in E2 by the Langmuir model would indicate that the
experimental conditions used favor the majority development of
homogeneous adsorption sites on these sediments surface®.
Thus, it would have a direct contact of phosphate ions with
these sediments surface up to the monolayer cover’®®. R_
values show that this adsorption is favorable®’. Regarding E3,
the good modeling of its experimental adsorption isotherms by
Freundlich isotherm would illustrate the majority development
of heterogeneous adsorption sites* on these sediments surface,
favored by the experimental conditions. ns value greater than 1
in this experiment indicates that P adsorption is favorable on
these sediments surface under the experimental conditions
implemented in E3*°. The non-adequacy of Freundlich and
Langmuir isotherms to model the experimental adsorption
isotherms obtained in E1 is explained by the biogeochemical
reactions complexity (such as the release of P from its apatite
forms®, exchangeable acidity™, etc.) that take place under the
established experimental conditions. In addition, the high values
of R obtained for these two isotherm models in this experiment,
would indicate a relatively important and simultaneous
development of homogeneous and heterogeneous adsorption
sites. As a result, the experimental conditions used in E1 would
lead to the existence of different types of sites on these
sediments surface, with a considerable difference in adsorption
energy depending on the site position. This observation was
underlined by Jiang et al.>® in the case of clay.

Table-4: The characteristics of the five linear forms of Langmuir isotherm obtained from experimental data in this study.

Linear forms of Langmuir model
Parameters Rate
L1 L2 L3 L4 L5
Ky -0.627 -0.01 -0.338 -0.078 -0.675
Om -1.170 -27.027 5.107 118.128 -1.037
pﬁzl& R? 0.978 0.104 0.233 0.233 0.956
Salinity = 5% R 0.956 0.322 0.483 0.483 0.978
RMSE 61.411 56.696 38.032 56.423 60.058
K 0.85 1.133 2.053 0.369 -3.128
Om 58824 58.824 34.91 86.260 0.388
pl-l;:=27; R? 0.998 0.981 0.180 0.180 0.025
Salinity = 30% R 0.996 0.990 0.424 0.424 0.158
RMSE 0.582 32.379 29.839 19.981 27.932
Ky 5.25 34 12.346 0.951 -6.457
Om 47.619 58.824 28.960 76.688 0.474
vt R? 0.998 0.984 0077 0077 0017
Salinity = 30% R 0.997 0.992 0.277 0.277 0.130
RMSE 9.449 37.809 19.180 32.145 27.460
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Table-5: the characteristics of the Freundlich isotherms obtained from the experimental data.

El E2 E3
Model Rate pH = 6; pH=7; pH = 8;
Salinity = 5% Salinity = 30% Salinity = 35%
1/ng 1.612 0.584 0.405
Ne 0.620 1.172 2.469
Modéle de Ke 7.135 20.843 30.938
Freundlich R 0.951 0.973 0.969
R? 0.905 0.947 0.938
RMSE 95.896 8.091 9.276
Table-6: Evolution of the adimensional number of Hall (R,) according to C; of synthetic P solutions.
Ci (mg/L) 0.5 1 2 5 10 20 50
R. 0.702 0.541 0.370 0.190 0.105 0.056 0.023
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