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Abstract

The characterization of shale powder fraction from Lomo Nord (Ivory Coast) was performed in order to find
potential applications for this material as phosphate low-cost adsorbents. The crushed shale (¢ < 80um) consisted
of quartz, albite, microcline, chlorite, dolomite and kaolinite as associated minerals. The net effective charge of
shale particle, determined using microelectrophoresis, is shown to be negative for all pH values. Batch
experiments were performed with phosphate synthetic water to study the adsorption equilibrium and influence of
contact time, adsorbent dosage, initial concentration, temperature and pH on the phosphate adsorption onto the
shale. Kinetic data revealed that more than 0.046 mg/g of phosphate was adsorbed onto shale within 10 hours.
The maximum phosphate adsorption capacity of the shale powder was 0.32 mg/g. The dependency of the
phosphate sorption capacity with the pH is clearly evidenced. Shale achieved the maximum removal of
phosphate (70 %) over the pH range 4 — 10. Thermodynamic tests indicate that phosphate sorption to shale
increased with temperature (from 20 to 40°C), indicating the spontaneous and endothermic nature of sorption
process (AH® = 8.22 kj/mol, AS° = 0.015 kj/mol, AG® = 3.52 - 3.82 kj/mol). AG® values shows dominance of
physisorption process. But, the results indicate that the pseudo second order model was most suitable for
describing the kinetic data, revealing that some chemical interaction also occur. The Freundlich, Langmuir and
Dubinin-Radushkevich models were used to simulate the sorption equilibrium. The Freundlich model showed
more applicability than others. These finding demonstrate that Lomo shale’s could be used as an efficient low-
coast adsorbent to remove phosphate from water.

Keywords: Phosphate, adsorption, isotherms, kinetics, shale, thermodynamics.

1. Introduction
Phosphorus is often present in relatively large amounts in water bodies, which are especially close to human
activities. Such presence is explained by the fact that wastewater plants and agriculture runoff are their main
source. Phosphorus and ammonium are essential nutrients for the growth of aquatic plants and algae in
ecosystems, and therefore are a major cause of eutrophication. As environmental concern, eutrophication may
deteriorate the water quality and damage the balance of organism. Some previous works presented phosphorus as
the limiting factor that could stop eutrophication (Bourdon ez al. 2004). Hence, it is necessary to decrease the
concentration of phosphate in wastewater before its discharge. Several methods have been applied to remove
efficiently and rapidly phosphates, including precipitation—microfiltration (Lu & Liu 2010), reverse osmosis
(Zhao & Sengupta 1998; Badruzzaman & Oppenheimer 2007), coagulation (Tchobanoglous et al. 2003; Yeom et
al. 2008) and adsorption (Vohla et al. 2011; Brogowski & Renman 2004; Karaca et al. 2004; Bellier et al. 2006).
Chemical or electrochemical precipitation, both pose a significant problem in terms of disposal of the
precipitated wastes and ion-exchange treatments do not appear to be economical. Among these methods,
adsorption has attracted more attention due to its high efficiency, easy regeneration and reuse of adsorbents, and
economical advantages. Several material or by-products were used as adsorbent by different researchers (Drizo
et al. 1999; Johansson & Gustafson 2000; Cheung & Venkitachalam 2000; Huang & Chriswell 2000; Codling et
al. 2000; 1i et al. 2006). From these works, the general trend worldwide is to develop cheap adsorbent from
locally available materials.

The black shale investigated here as adsorbent is a natural geological material available in large
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amount in Ivory Coast. It is a dark-colored mud rock containing organic matter, silt and clay minerals grains that
accumulated together.

The first objective of this study was to determine the shale mineralogical and textural characteristics,
major chemistry and surface properties that might play a role in adsorption. The second objective was to assess
the feasibility of using shale powder for the removal of phosphate from synthetic aqueous solutions. In addition,
kinetics and isotherms models were used for data fitting.

2. Material and methods

2.1. Material

2.1.1. Shale

The shale used in this research is local natural material collected at Lomo Nord, in Ivory Coast (Center). It was
washed several times to remove earthy matter and finally rinsed with distilled water. Then, the samples were
crushed and sieved to have a desired particles size (less than 80 um) using a Saulas NEX 11.501 sieve. It was
directly used as an adsorbent without any additional treatment.

2.1.2. Adsorbate

An artificial phosphate solution with pure K,HPO, was used to make the sorption tests. Hydrogeno phosphate
was used for his solubility at low temperature (20°C) in water and it ability to produce reactive phosphate ions
(PO,*, HPO,*, H,PO"). The reactive inorganic orthophosphate ions are the forms generally found in wastewater
in where phosphate is most readily available for biological utilization (Nesbitt 1986) and thus contribute to the
eutrophication of water bodies. A stock solution of 150 mg/L. of phosphate was prepared by dissolving
chemically pure K,HPO, in distilled water. The pH value of the phosphate solution was adjusted to 6.0-7.0 with
diluted HCI and NaOH before adsorption experiments.

2.2. Experimental methods

2.2.1. Physical and textural properties

2.2.1.1. Particle size distribution

Particle size distribution was determinate using a Helos Sympactec type apparatus. For this purposes 1 g of shale
sample was introduced in a 50 ml of 0.1% (w/w) (NaPOj)s solution. Prior to the particle size analyses, the shale
powder suspension was dispersed by ultrasound for 2 min.

2.2.1.2. Cation exchange capacity (CEC)

The cation exchange capacity (CEC) was measured by cobalt-hexammonium ions permutation (Mantin and
Glaeser 1960). The amount of cobalt-hexammonium ions fixed by the solid phase was determined by UV-vis
spectroscopy. The displaced cations were also determined by atomic absorption spectrometry using a Perkin-
Elmer 1100B apparatus.

2.2.1.3. Specific surface areas and total pore volume

Specific surface areas and pore size distributions for shale powder sample were obtained from N, adsorption/
desorption isotherms at 77K after outgazing at 105°C and 10~ Torr. Isotherms were recorded on a step-by-step
automatic home built set up. Specific surface areas (SSA) were determined from adsorption data according to the
Brunauer-Emmet-Teller (BET) equation and using 16.3A for the cross section area of nitrogen. The error in the
determination of the SSA was estimated as +/- 1 m*/g. Micropores volumes and non microporous surface areas
were obtained using the t-plot method proposed by DeBoer et al. (1996). Pore size distributions were calculated
on the desorption branch using the Barrett-Joyner-Halenda (BJH) method, assuming slit-shaped pores (Delon &
Dellyes 1967).

2.2.2. Mineralogical analyses

2.2.2.1. Morphology and chemical analysis

Morphology is studied by Scanning electron microscopy (SEM) method. The analysis was performed on
polished thin sections after carbon coating, using a Hitashi FEG S 4800 device equipped with an Energy
Dispersive X-ray Spectrometer (EDS) and a back scattered secondary electrons detector. The elementary
composition was determined using inductive coupled plasma atomic emission spectrometry (ICP-AES) for major
elements. Before analyses, the sample was fused in lithium borate (LiBO,) and the obtained glass dissolve using
nitric acid.

2.2.2.2. X-ray diffraction study

X-ray diffraction (XRD) data were obtained by reflection on powdered material, using a diffractometer
BRUKER D8 advance employing CoKa radiation (1.789A) radiation at 40 kV and 30 Ma. It was used to identify
the mineralogical phases of the shale.

2.2.2.3. FTIR Spectroscopy

Fourier transform infrared spectroscopy was carried on in diffuse reflection mode (DRIFTS), using a Bruker
Equinox 55 instrument. The spectra were recorded from 4000 cm™ to 600 cm™ with a resolution of 4 cm™ on
KBr powder containing 15 % of shale powder.
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2.2.3. Surface charges measurement

The Zero Point Charge of Lomo shale particles was obtained by electrophoresis mobility method using a CAD
Instrumentation Zetaphoremeter III model Z3000. The measurements were performed at room temperature using
a shale suspension (60 + 5 mg/L) in an electrolytic background of NaClO, (10, 107 and 10~ M). The pH was
adjusted between 3 and 11 by adding aliquots of dilute HCI or NaOH solution.

2.2.4. Adsorption experiments

Phosphate adsorption experiments were undertaken in the batch equilibrium technique. An aliquot of the stock
solution prepared below was diluted in deionized water to prepare the desired experimental concentrations.

The phosphate removals as a function of dosage were conducted at an initial P concentration of 5 mg/L
with a wide range of adsorbent masses of 0,1-10 g in 50 ml of solution. The solutions were shaken at 180 rpm.
After 48h, samples were centrifuged (Sorval rc Evolution centrifugal machine) at 21859 g for 30 min, then, the
supernatants were filtered through a 0.45 um membrane filter. The filtrate was taken for phosphate analysis in a
double beam UV-VIS spectrophotometer (Shimadzu, 2051 PC) at 450 nm using the ammonium molybdate
method (Blanchet et Malaprade 1967). The optimum dose was then determined and used throughout all
adsorption experiments.

The effect of pH on phosphate adsorption was examined in a series of experiments using the initial
phosphate concentration of 5 mg/L at pH 2, 4, 6, 8 or 10. The acidic or alkaline pH was controlled by adding the
required amounts of dilute hydrochloric acid (HCI) or sodium hydroxide (NaOH) solutions. The pH of the
sample was determined using a pH meter (Meter Lab, Model PHM 210). The solutions were stirred during 24 h
and then, the concentration of phosphate in the solution was measured.

Phosphate sorption kinetics was evaluated at three initial concentrations (2.5; 5; 10 mg/L) at 303.15 K.
The initial phosphate concentrations were selected in reference to concentrations in typical effluent waters
(Tchobanoglous et al. 2003). Before each kinetic experiment, a given amount of adsorbent was put in conical
flasks 50 ml. Then 50 ml of initial phosphate solution was added. The flask was covered and immediately placed
in a thermostatic chamber with magnetic stirring. The pH was maintained between 6 and 7 and, if necessary,
adjusted by using 0.1 M NaOH or 0.1 M HCI solution. This pH values are also typical of water effluents. The
test solution was sampled with syringes (40 ml) after various reactions times (0 to 24h) and the samples were
collected for phosphate concentration measurement. The additional experiments were performed at 20, 30 and
40°C to examine the isotherms and the effect of temperature on phosphate adsorption. To implement each
equilibrium adsorption isotherm, the adsorbent was added to 50 ml of different levels of initial artificial
phosphate solutions (0; 1; 2.5; 5; 10; 25; 50; 100 ;150 mgP/L). The mixture were capped in order to minimize
losses to atmosphere, and stirred at 180 rpm for 6 hours. The pH was maintained between 6 and 7 and, if
necessary, adjusted as below. After a reaction period, the mixtures were centrifuged and the residual phosphate
concentrations were measured.

All of the batch experiments were performed in triplicate and only average values are presented. The
percentage adsorbed (r %), and the phosphate adsorption capacity of shale (q) were calculated using the relation
(1) and (2) respectively :

(Co - C)

r[%] = x100 (1)
G,

g= SOV
m

Where C, (mg/L) is the initial phosphate concentration, C (mg/L) is the phosphate concentration at the time ¢, V
(L) is the volume of solution and m (g) is the mass of shale powder in solution.

2.3. Adsorption modeling

2.3.1. Adsorption kinetic

The phosphate adsorption mechanism from an aqueous solution by shale could be explained using kinetic
models and examining the rate-controlling mechanism of the adsorption process. These models provide
information about the dynamics of the adsorption process in terms of the order and the rate constant which are of
significance in designing and modeling an efficient adsorption operation. First-order, pseudo-second-order,
Elovich and Weber’s intraparticle diffusion models are the kinetic models used here (Ho & McKay 1998; Karaca
et al. 2004; Feng et al. 2009).

The first-order rate equation is as follows:

= ky(ge — q0) 3)

44



Journal of Environment and Earth Science www.iiste.org
ISSN 2224-3216 (Paper) ISSN 2225-0948 (Online) mi

Vol.5, No.9, 2015 IISTE

The pseudo-second-order model equation is given as:

d

= ky(qe — q0)* 4)
The Elovich model can be expressed as:

d

—E = aexp(-2q) 5)

Where q. and q, are respectively the amounts of phosphate (mg/g) adsorbed onto adsorbent at equilibrium and at
time t, k; and k, are the first-order and second-order constants (h'l) respectively, o (mg/g. min) is the initial
adsorption rate constant and the parameter B (g/mg) is related to the extent of the surface coverage and activation
energy for chemisorption.

For the same boundary conditions (at t = 0, g, = 0 and at t = t, q; = q,), the integrated form of the pseudo first
order, the pseudo second order and the Elovich model become respectively:

In(qe — q;) =Inq, — Kyt (6)
‘ ‘ + ! t (7
_——=— *
% e kaqé .
de = 7 *In(2p) +-1n(®) 8)
The Weber’s intraparticle diffusion model (Weber et Morris 1963) can be expressed by the following equation:
G = kgt'? + C (9)

Where C is the intercept and k, is the intraparticle diffusion rate constant (mg/g h'?),
2.3.2. Adsorption isotherm
Adsorption is usually described through isotherms, that is, the amount of phosphate adsorbed on shale as a
function of its equilibrium concentration at constant temperature. The quantity adsorbed is nearly always
normalized by the mass of shale to optimize the design of an adsorption system and to allow comparison with
other materials. The Langmuir, Freundlich and Dubinin—Radushkevich isotherms are the most common models
used to describe the equilibrium adsorbed phosphate (q.) and phosphate in solution (C,) at a given temperature.
The Langmuir theory has, as its basic assumption, that adsorption occurs at specific homogeneous sites inside of
the adsorbent and, once an adsorbates molecule occupies a site, no additional adsorption can occur there
(Langmuir, 1916). The saturated monolayer curve can be represented by the expression:
qmakaCe
9 =T ke, (10)
The Freundlich isotherm model is considered to be appropriate for describing both multilayer sorption and
sorption on heterogeneous surfaces with interaction between adsorbed molecules (Weber 1963). The Freundlich
equation may be written as:
qe = kpCe 1D
Dubinin—Radushkevich (D-R) isotherm model predicts the mechanism of the adsorbate sorption onto the
adsorbent, and it is used to calculate the mean free energy of adsorption (Singh & Pant 2004). The nonlinear D—
R isotherm is expressed as:
de = qmExp (—f.€?) (12)
Where q. is the amount of solute adsorbed per mass of adsorbent (mg/g), qm is the maximum adsorption
capacity (mg/g), b is the D-R constant (mol*/J?) and ¢ is the Polanyi potential (J/mol), which can be calculated
as:
1
€ =RT (1 + C—) (13)
e
Where R is the gas constant (J/mol K), T is the absolute temperature (K), and C, is the equilibrium concentration

of the adsorbate in aqueous solution (mg/L). The mean free energy of adsorption (E) was calculated from the S
values using the following equation (Singh & Pant 2004):
1

E=— 14
V25 v
The E value is used to ascertain the type of adsorption process under consideration. If this value is between 8 and
16 kJ/mol, the adsorption process can be assumed to involve chemical sorption. On the other hand, values lower
than 8 kJ/mol indicate that the adsorption process is of a physical nature.
2.3.3. Thermodynamic
The experimental data obtained as a function of different temperatures were analyzed to determine the
thermodynamic parameters as change in the Gibbs free energy (AG°), enthalpy (AH®) and entropy (AS°) that
evaluate the thermodynamic feasibility and the nature of the adsorption process. The following equations were
used:
AG° = AH° — TAS® (15)
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AG° = —RTInk, (16)

Ink _AS° AH® 17

nNkg = R RT 17
_ %

ka=7% (18)

e
Where R is the gas constant (8.314 J/mol/K), T is the temperature (K) and ky is the equilibrium constant
(dimensionless) reflecting the phosphate distribution between the solid (q.) and liquid phases at equilibrium (C,).
The values of (AH®) and (AS°®) were determined by plotting In ky versus 1/T using equation (17) and the value of
AG?® was calculated from Equation (15).
2.3.4. Error analysis
To ascertain the model that best described phosphate adsorption the least squares regression (R) analysis was
used. Although efficient, this indicator is limited to solving models that present linear forms (Wong et al. 2004).
Therefore, in this work, Chi-square analysis was also performed to compare the experimental data with model
predictions in accordance with Leiviski et al. (2013):

2 _ ( e e,m)2
xi=r T el (19)
qem

Where q. is the equilibrium capacity (mg/g) from the experimental data and g, the equilibrium capacity
obtained with a model (mg/g). If the calculated values of Chi-square are smaller than the critical value at 5%
level of probability, the model data are similar to the experimental data.

3. Results and discussion

3.1. Black Shale properties or Characterization

3.1.1. Particle size distribution

The shale powder was sieved to obtain a particle size lower than 80 um. The particle size distribution of the
shale powder is given in Figure 1. One could observe that 83% of the total amount of particles had sizes between
0.05 and 40 pm, with a maximum at 5.8 pm.

3.1.2. Structural Property of prepared black shale

The N, adsorption desorption isotherms and pore sizes distribution curve are presented in Figure 2. The
isotherms shows increased N, adsorption at low relative pressures (P/Po < 0.02), which is indicative of
microporosity. The hysteresis observed at higher relative pressures (P/Py, > 0.5) indicated the presence of some
mesopores or micropores in the shale minerals (Gregg & Sing 1982). The V, (total volume), A5, (mesopore
equivalent area), and A ;o (micropore area) of shale powder are 3.8 cm’/g, 13 m%/g and 4.1m%g respectively.
Furthermore, the specific surface area determined by t-plot method was calculated to be 16.8 m%g. Which was
higher than the BET specific surface area (16.5 m?/g), therefore, this difference also indicated that the shale
sample was porous. These results reveal that porosity is developed for shale and mainly exists in the form of
micropores as shown in Figure 2a.

3.1.3. Scanning electron microscopy of crushed shale

Figure 3 illustrates the SEM micrograph of a typical natural crushed rock. The shale particles were mostly
irregular in shape and appeared to have randomly arranged pores framework (Figure 3a), which is expected to
enhance adsorption through particle diffusion. These observations confirm that the material is porous as shown
previously. It is also observed that shale particles are not homogeneous and contained separated crystals. The
EDS analysis reveals that the clear crystals with a size of about 20 um (Figure 3b) are apatite. The small white
crystals (size of about 5 pm) which are shown with black arrows could be attributed to monazite. The phyllitic
minerals appearing as sticks (see white circle) are mostly chlorite containing magnesium (Figure 3a).

3.1.4. Chemical composition

The chemical compositions of shale sample are given in Table 1. The most abundant oxide is SiO, (55.43 %).
AlLO; and Fe,Oj; content (9.21-15.46 %) were slightly higher than the others oxides, whereas, K,0, CaO, Na,O,
MgO, TiO,, MnO and P,0s are present only in small quantities. Similar results were obtained by Kabran (1988).
The P,05 (0.56%) and CaO (2.34%) content can be related to the presence of minor amounts of apatite and
monazite. The relative high content of MgO (2.92), Na,O (2.09) and K,O (3.13) are likely due to the presence of
Na/K-feldspath and magnesian chlorite.

3.1.5. Mineralogical analyses and Cation Exchange Capacity

The powder XRD pattern of the black shale is illustrated in Figure 4. According to the reflection values, shale
includes quartz (4.25, 3.34, 2.46, 2.28, 2.23, 2.12 and 1.82 A), Albite (6.36, 4.02, 3.77, 3.60, 3.21, 3.19 and 2.92
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A), Microcline (6.46, 3.29, 3.24 and 2.16 A), chlorite (14.38, 7.20, 4.81, 4.58 and 3.60 A) kaolinite (7.20, 3.60
and 2.46 A) and dolomite (2.89 A). The predominant mineral of the studied sample is quartz, its amount in this
material agrees with the results obtained by Martin (1977) and Monde et al. (2008).

FTIR analysis of shale was undertaken and the spectrum is presented in Figure 5. Position and
assignment of vibrational bands of this black shale are shown in Table 2 (Schroeder 2002; Farmer 1974; Igisu et
al. 2006; Saikia et al. 2008). This technique confirmed the presence of minerals already observed by XRD. In
addition, the presence of two other minerals has been revealed. In fact, the bands at 744, 727 and 609 cm™!
reflects the bending of Si—O bonds of albite. Apatite mineral are detected by bending bands of PO, at 604 cm .

Table 3 shows the CEC of shale sample, as can be seen, the CEC values is about 33.1 mEq/100g. For
cations exchanged, the following order is privileged: Sodium, calcium and then magnesium and potassium
showing the great influence of feldpath. On the other hand, the low CEC obtained in comparison with those
reported in literature is due to the presence of considerable amount of non-clay minerals as quartz and likely the
absence of smectite clay.

3.1.6. Surface charges

The Figure 6 presents zeta potentials of the shale in the pH range from 3 to 11. It can be seen that the
electrophoretic mobility values increase in absolute value from -1.23 to -2.83 pm/s/v/cm with increasing of pH.
The electrophoretic mobility is related to the particle electric charge. For particle having a permanent charge, the
variation of the mobility with pH is rather low (Tombacz & Szekeres 2006). Hence, the low dependency of the
mobility vs. pH is indicative of the existence of a permanent charge. This permanent charge is confirmed through
the split of the curves to lower mobility value with the increase of the ionic force. However, the pH dependency
is indicative of a variable charge that is probably due to protonation-deprotonation of edges surface functions.
These results indicate that the net surface charge is negative and would not change to positive regardless of pH.
So, the ZPC of a variable-charged particle in solution which is defined as the pH where, the zeta potential or the
net total charge of moving particle is zero, is never reached. The absence of the ZPC, usual for permanently
charged particles, confirmed that the shale particles have a permanent negative charge. Therefore, the decrease
of electrophoretic mobility values indicates that the screening of the shale particles charge is poor at high pH
because of the presence of negatively charge hydroxyl groups. Consequently, it possible to predict that,
theoretically phosphate adsorption onto shale will increase by lowering the pH of initial phosphate solution. The
pH lowering will favor the screening of the particles negative charge which results in a reduction of electrostatic
repulsion between the phosphate ions and the shale particles.

3.2. Adsorption experiments
3.2.1. Phosphate adsorption characteristics (Influence of adsorbent mass, optimal contact time, initial
concentration and temperature effects)

The characteristics of phosphate sorption to shale that include the effects of adsorbent mass, contact time, initial
concentration and temperature were investigated (Figure 7). The effect of the amount of shale dosage on the
removal of phosphate is shown in Figure 7a. As it can be seen, the percent removal increased with increasing
adsorbent dosage, probably due to the increase amount of the adsorbent surface. At the adsorbent dosage of 100
g/L the maximum adsorption efficiency is reached at about 75%. When the dosage is increased beyond 100 g/L,
a decrease in the percentage of adsorption is observed which may result from the electrostatic interactions,
interference between binding sites, and reduced mixing at higher adsorbent contents (Coruh & Geyikgi 2012). In
this study, 100 g/L would be the optimum mass dosage of shale particles.

In order to establish the equilibrium time for maximum uptake and to know the kinetics of adsorption
process, the phosphate removal by shale was investigated as a function of contact time for 24 h using three
different initials concentrations 2.5, 5 and 10 mg/L. It was observed from Figure 7b that the curves are of
saturation type and the chemical equilibrium is attained after a short reaction time. In fact, after the initial rapid
reaction less than 30 min, phosphate sorption continued to proceed at a slow rate within the range of Y2 h to 24 h
and the state of dynamic equilibrium between the phosphates desorption and adsorption is reached before 24 h.
The fast adsorption rate at the initial stage quantitatively predominant may be explained by an increased
availability in the number of active binding sites on the adsorbent surface. In the second stage, the slower
adsorption rate is probably due to the gradual occupancy of these binding sites, the adsorption of the exterior
surface reached saturation, herein, the sorption is likely an attachment-controlled process due to less available
sorption sites. This latter phenomenon takes a relatively long contact time. The adsorption of phosphate reached
equilibrium at variable time according to the initial concentration of phosphate: about 1, 10 and 14 h for initial
phosphate concentration of 2.5, 5 and 10 mg/L respectively. At the same equilibrium times, the amount of
phosphate adsorbed range from 0.023 to 0.072 mg/g. The higher the initial concentration of phosphate species,
the larger is the amount of phosphate species adsorbed. This is a result of the increase in the driving force and
the concentration gradient, as an increase in the initial phosphate concentrations, because the resistance to the
phosphate uptake decreased as the mass transfer driving force increased. As seen, the phosphate adsorption
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capacity strongly depends on the initial P concentration of solution.

The phosphate equilibrium sorption at 20, 30 and 40°C onto shale was also studied. An increase in the
temperature led to an increase in the adsorption capacity as shown in Figure 7c. Several factors may account for
the increase in sorption with increasing temperature. Increased diffusion rate of adsorbates molecules across the
external boundary layer and in the internal pores of shale particle, owing to the decrease in the velocity of the
solution may account for the observed behavior (Wang & Zhu 2007). Changes in the adsorbent pore sizes as well
as an increase in the number of sorption sites due to the breaking of some internal bonds near the edges of the
particle are expected at higher temperatures (Yadava er al. 1988; Low et al. 1997). An increase in temperature
may also affect an increase in proportion and activity of phosphate ions in solution, the affinity of the ions for the
surface, or the charge and therefore the potential of the shale surface (Barrow 1990 and 1992).

3.2.2. Influence of pH

The effect of the phosphate solution pH on phosphate removal was studied in the pH range from 2 to 12. The
experimental data are illustrated in Figure 8. As shown on mineralogical composition, shale contain phosphate
mineral as apatite and monazite, so the negative value of efficiency between pH 2 and 2,5 is certainly due to the
dissolution of these phosphate minerals that increase the amount of phosphate species in solution. Furthermore,
phosphate species at low pH chiefly existed in the form of phosphoric acid, which would restrict the adsorption
of PO,* onto shale and lead to a low adsorption capacity (Li e al. 2006). When the pH is increased beyond 2.5,
both, the adsorption phenomena became more important than the dissolution phenomena and phosphate species
are less in acid form. Therefore, one could observe the positive value of phosphate retention efficiency. At pH 4
the sorption efficiency reaches 75 % and the removal remains relatively constant up to pH 10, whereas
phosphate removal decreased sharply as the solution pH approaches highly alkaline condition (pH 12). The
decrease of adsorption capacity at pH > 10 can be attributed to the competition between hydroxyl ions and
phosphates ions for adsorption sites. It could also be explained based on sorbent surface charge. In fact, on the
basis of electrophoretic mobility studies, the global net charge of shale surface is negative. Nevertheless, at high
pH, the shale surface negatives sites (unfavorable for phosphate adsorption) are more predominant than when the
pH is low. These results clearly indicate that the adsorption of phosphate onto shale strongly depends on pH
value. The convenient pH for optimal adsorption are found to lie between 4 and 10.

3.2.3. Adsorption kinetic, isotherm and thermodynamic analyses

3.2.3.1. Adsorption kinetic

In order to examine the mechanism of adsorption and potential rate-controlling step, such as mass transfer and
chemical reaction processes, the experimental data obtained as a function of the reaction time were analyzed
using the pseudo first-order, pseudo second-order, Elovich and intraparticle kinetic models (Figure 9). The
constant parameters of the kinetics equation and the correlation coefficients values are summarized in Table 4.
The correlation coefficients (R) of all examined kinetic data with the pseudo second order model were found
very high (R > 0.99) it is indicated that the model is more appropriate to be used for adsorption process of
phosphate. Meanwhile, g values determined by pseudo-second-order model were in perfect agreement with the
experimental results. This concordance confirms that the pseudo second- order model can be effectively used to
predict the adsorption kinetic of phosphate by shale. The good agreement with pseudo-second-order model
demonstrated that the adsorption determining step may be the valence forces through sharing or exchange of
electrons between the adsorbent and the adsorbate (Anirudhan et al. 2012). The adsorption data cannot be
described entirely by intraparticle diffusion model; however, as shown in Figure 9d, the plots present multi-
linearity which can inform about adsorption process. For 10 mg/L of phosphate initial concentrations, plot show
three steps. The first step was ascribed to the diffusion of phosphate from the external solution to the external
surface of shale or instantaneous adsorption stage. The second step was the intraparticle diffusion. The
intraparticle diffusion slowed down and reached equilibrium during the third stage. The plot corresponding to the
initial phosphate concentration of 5 mg/L show two steps, herein, intraparticle diffusion is not occurring due to
the low concentration of phosphate. For the 2.5 mg/L of phosphate initial concentrations, only the equilibrium
step is observed resulting from the fast rate of the instantaneous step. Equilibrium is certainly reached before the
first sampling. This observation is consistent with the k, values found. One could also, observe that plots did not
pass through the origin, indicating that the diffusion is not the rate limiting step. Furthermore, adsorption process
on shale may be of complex nature consisting of both surface adsorption and intra-particle diffusion.

3.2.3.2. Isotherms analyses

In order to find the most suitable isotherm model for representing the experimental data, the adsorption data
were fitted with the Freundlich, Langmuir and Dubinin-Radushkevich isotherm models. The results are shown in
Figure 10. The isotherms parameters obtained in fitting experimental data, with the correlation coefficients and
Chi-square values at different temperatures are summarized in Table 5 and 6.

The coefficient of correlation (R > 0,983) and the lowest value of the Chi-square analysis (Xz < 0,03)
indicate that the Freundlich isotherm was suitable for describing the equilibrium data. In the case of good
adsorption characteristics, ng is between 2 and 10 (Leiviskd et al. 2013). The ng obtained values (2.07, 1.78,
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1.70) (Table 5) lies within this range indicating that the adsorption of phosphate onto the shale is favorable in the
studied conditions. The maximum adsorption capacity (q,) was calculated with kp and 1/n at different
temperatures. The value of q,, was calculated to be 0.39, 0.33 and 0.23 mg/L which are in the range of phosphate
adsorption capacity reported in literature (Drizo et al. 1999; Heal et al. 2003; 2005, Xu et al. 2006; Prochaska &
Zouboulis 2006)(Table 7).

3.2.3.3. Thermodynamic parameters of the adsorption of phosphate onto shale

The thermodynamic analysis for phosphate sorption to shale powder is presented in Figure 11. The
thermodynamic parameters are provided in Table 8. The positive value of AH® (8.22 Kj/mol) confirms the
endothermic nature of phosphate sorption. The positive value of AS® (0.015 KJ/mol.) indicates that the
randomness increased at the interface between solid and solution during the sorption process. The Gibbs free
energy (AG°®) indicates the degree of spontaneity of the sorption process. The AG® values are positive at different
temperatures, revealing that the adsorption process of phosphate onto shale is not spontaneous. Moreover,
decrease in value of AGe from 3.82 to 3.52 with change in temperature from 20 to 40°C suggests that higher
temperature is favorable to the adsorption. So if the temperature is higher enough the spontaneity of the reaction
will occur. Generally, AG®° values between - 20 kJ/mol and 0 kJ/mol suggests a physisorption process, whilst
AG® values in range of - 80 kJ/mol to - 400 kJ/mol suggest a chemisorption process (Atkins 1990). One could
observe that the AG® values in Table 8 are neither within the ranges of AG® in physisorption nor chemisorption
process; however, they seem more close to the values of AG® values in a physisorption process. It is likely that in
addition to physisorption, some other mechanisms may be involved, i.e. electrostatic interactions and ligands
exchange.

4. Conclusion

After mineralogical, physico-chemical and surface properties studies, the black shale from Ivory Coast was
investigated as an adsorbent for the removal of phosphate from aqueous solution. It appears that black shale
consist of varying minerals such as quartz, Albite, Microcline, chlorite, apatite, dolomite and clay minerals as
kaolinite. The chemical composition reveal high amount of SiO, (55.43%), Al,O5 (15.46 %) and Fe,05 (9.21 %),
with minor amounts of K,O, CaO, Na,O, MgO, TiO,, MnO and P,0s. The SEM micrographs reveal the
morphological heterogeneity of shale and flat particles with well-defined shape and a size of approximately 5 to
20 pm. They also suggest macroporous-mesoporous network. This observation is confirmed by textural results
that indicate that the porosity mainly exists in the form of micropores. The developed SSA is about 16.5 m*/g.
Results also indicate that the net surface charge is negative and would not change regardless of pH. The
adsorption study revealed that the process depended significantly on contact time, initial phosphate
concentration, temperature and solution pH. The phosphate adsorption capacity increased with both the
increasing initial phosphate concentration and the contact time, but equilibrium is reached after an agitation time
of 10 hours. Based on the adsorption isotherm studies the uptake capacity of phosphate on shale at 40°C is larger
than that at 30 and 20°C that show endothermic nature of adsorption. Furthermore, the adsorption kinetic of
phosphate on the shale was better described by the pseudo-second-order because of the best correlation with
experimental data. This last result and thermodynamic analyses indicated that phosphate adsorption onto shale is
likely governed by both chemical and physical interactions. Freundlich, Langmuir and Dubinin-Radushkevich
models have been used to test and correlate experimental data. Among, the three models used, the equilibrium
isotherms were well described by Freundlich model. This study demonstrated that Lomo-nord black shale can be
used as low cost-effective adsorbent for removing phosphate from wastewater.
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Figure 1. Particle size distribution by laser diffraction.
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Figure 2. Nitrogen adsorption-desorption isotherms of the black shale (a) and pore size distribution obtained in
terms of BJH method (b).
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Figure 3. Scanning electron microscope micrographs of Lomo nord black shale

Table 1. Chemical composition (wt %) of the shale

Majors

elements Si0;  ALO; Fe,05 MnO  MgO CaO NaO K,O TiO, P,0s L.OL

wt % 5543 1546 9.21 0.29 292 234 2.09 313 1.01 056 752

L.O.I = Loss on ignition
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Table 2. FTIR band assignments of Lomo-nord black shale
Maxima (cm'l) Assignments
3696 ; 3652 et 3620 -OH stretching, disordered kaolinite
3596 ; 3554 -OH stretching, chlorite
3379 -OH stretching, gibbsite
1988 ; 1869 ; 1793 ; 1527 ; 1111 -Si-O stretching and its harmonic, quartz
1630 -OH bending, hydratation
1438 ; 1368 carbonates
1019 -OH stretching, kaolinite
913 -00H (internal) bending, Kaolinite
778 ; 695 Quartz
744 ;727 ; 649 -Si-O bending, albite
604 -PO, bending, apatite
Table 3. Cation Exchange Capacity of Lomo nord black shale
Cations (mg/L) CEC (mEq/100g)
Na+ K+ Ca2+ Mg2+ FeZ+ Al 3+ 3313
13.04 6.4 85.9 11.2 0 0 )
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Table 4. Kinetic model parameters obtained from model fitting to experimental data.

Co Ge: exp Pseudo first order model Pseudo second order model
(mg/L)  (mg/g)
qe cal k h»l R qe cal k h R
(mg/g) h) (mg/g) P (mgg'nh
25 0.022 8.3,10™ 3,107 8,3,107 0.023 5290.66 4.567 0.99
5 0.046 0.013 0.245 0.98 0.046 114.39 4.1919 0,99
10 0.069 0.024 0.221 0.80 0.074 39.47 0.3707 0.99
C, (mg/L) Elovich model Intraparticle diffusion models
B 12
o (mg/g.h) (2/mg) R k4 (mg/h“g) C R
2.5 ND 105 0,26 2x 107 0.0219 0.62
5 12.7 x 103 0.0454 0,93 0.0074 0.0454 0.92
10 91.04 169.5 0,96 0.0074 0.0454 0.82
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of phosphate onto shale.

Table 5. Isotherms models parameters obtained from model fitting to experimental data.

q Langmuir Freundlich Dubinin-Radushkevich.
Temp °C moexp qmL ke dmDR B E R
(mg/g) (mg/g) (L/mg) R Kr nf R (mg/g) (mol*/kJ?) (KJ/mol)
20 0.273 0.067 1.18 0.960 22.09.10°  2.07  0.989 0.12 0.016 5.52 0.874
30 0.30 0.25 0.12 0.946 22.42.10° 1.78  0.983 0.18 0.024 4.55 0.949
40 0.32 0.30 0.07 0.979 22.71.10° 170 0.989 0.25 0.036 3.72 0.972
Table 6. Chi-square (y ) analysis values
Temp °C Langmuir Freundlich Dubinin-Radushkevich.
20 0.30 0.03 0.38
30 0.07 0.01 0.17
40 0.02 0.03 0.09
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Table 7. Adsorption capacities of different adsorbents for phosphate
Adsorbents q. (mg/g) References
Limestone 0.682 Drizo et al. (1999)
Dolomite 0.168 Prochaska & Zouboulis (2006)
Ochre 0.026 Heal et al. (2003, 2005)
Soils, Sands, Fly ash, Blast furnace slag 0.29-0.97 Xu et al. (2006)
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Figure 11. Thermodynamic analysis for phosphate adsorption to shale

Table 8. Thermodynamic parameters for phosphate adsorption to shale

Temp. (°C) AG (KJ/mol) AH (KJ/mol) AS (KJ/mol)
20 3.82
30 3.67 8.22 0.015
40 3.52

60



