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1. Introduction

The brown coloration, characteristic of the presence of dissolved organic matter in natural waters,
can be accentuated by the input of organic matter from anthropogenic wastewater such as landfill
leachate [1]. It should be noted that humic substances, in general, are naturally present in surface waters
with a content of between 1 to 15 mg C.L-!. However, due to its high organic compounds content,
leachate has been identified as a potential source of groundwater and surfaces water pollution [2]. This
leachate may contain high levels of organic matter, consisting mainly of humic substances refractory
to biodegradation, ammoniacal nitrogen, heavy metals, organochlorines, and inorganic salts, in
comparison to WHO (World Health Organization) discharge standards [3,4].
As a prelude to the previous, photosynthetic activity may be limited in the surface layers of surface
waters [5]. In fact, humic and fulvic acids in leachate, consisting of large amounts of high molecular
weight components, such as phenolic and aromatic compounds, are mainly responsible for the brown
color and odors of water [4]. They constitute an average of 30 to 50 % of dissolved organic carbon and
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sometimes 90 % in some very colored waters [4]. Vigneault [1] studies on dissolved humic substance
interactions with unicellular algae have shown that humic substances are a source of carbon, nitrogen,
and phosphorus in natural waters. According to the author, humic substances could also promote the
bioavailability of metals in natural waters. The accumulation of these compounds in water will promote
the enrichment of the aquatic environment in nutrient salt, hence the phenomenon of eutrophication.
Also, humic substances are currently a concern for drinking water treatment plants.

Indeed, the presence of organic compounds dissolved in surface water at a high content increases the
cost of treatment for drinking water production. Then, they can pose other problems such as the
deterioration of the organoleptic quality, the bacterial development in the pipes of the distribution
network, and subsequently, the aggravation of corrosion [7,8,6,9]. Finally, significant chlorine
consumption during disinfection can also lead to chlorinated by-products potentially toxic to humans,
mainly trihalomethanes and haloacetic acids [10,8].

There are many treatment processes developed to remove humic substances from water. We can cite
physicochemical processes such as sorption, coagulation-flocculation, chemical precipitation, reverse
osmosis, etc. [11,12,13,14,15,16]. However, the prohibitive costs of some of these techniques make
them inapplicable in the context of developing countries such as Cote d'Ivoire.

The sorption treatment of humic substances on mineral surfaces has shown its effectiveness, according
to some authors, either on natural adsorbents or on synthetic adsorbents [17,18,19]. They can be in
granules, powder, extrudates, or fabric [20,21]. To find low-cost efficient easy implementable
processes using natural adsorbents, the study used geo-materials such as laterites which are endogenous
materials abundant in nature, to reduce humic acid in leachate. Indeed, the study by Coulibaly [22] has
shown that laterite from Cote d'Ivoire is an effective adsorbent for the retention of phosphates in
domestic wastewater. Koua-Koffi [23] study on arsenic sorption onto laterite effectiveness. The study
by Ama [24] on the treatment of domestic wastewater by an intermittent filter lined with laterite showed
the best pollutant removal efficiency. In fact, laterites have a high proportion of iron hydroxide and
aluminum oxide [22]. The sorption of organic matter onto the surface of these minerals can be governed
by ligand exchanges, hydrophobic interactions, electrostatic interactions, or the formation of hydrogen
bonds [25,26,27,28]. Therefore, the treatment or fractionation of these compounds will make it possible
to preserve aquatic environments. In this context, this study aims to investigate a treatment by sorption
of humic acid from leachate on laterites.

For this purpose, an industrial humic acid molecule was chosen as a model pollutant for this study.
Thus, to achieve this objective, the study specifically consists of (i) characterizing the laterites before
the sorption tests, (ii) studying the reduction of humic acid by the laterite through adsorption tests in
batch, and (iii) modeling the kinetics and the sorption isotherms.

2. Methodology
2.1 Sourcing and preparation of laterite and Chemicals

2.1.1. Sourcing and preparation of laterite

The mineral surface used to carry out this study is laterite, it was taken at Sinématialy (9 °© 35" N
and 5 © 23 'W) in the North of Céote d'Ivoire according to the geological map of the Cote d'Ivoire adapted
by Tagini [29] and modified from Ouattara [30]. The laterite blocks collected were washed and
steamed, then crushed with a hammer (Figure 1). The powders obtained using a mill were sieved using
a Saulas sieve (NF.X 11.501) at 250 um. The chemical properties of the ground material were analyzed
by X-ray Diffraction (XRD) and Infrared. A Bruker D8 Advance Diffractometer operating on a copper
anode was used to identify the mineralogical phases of the laterite. A Brukers brand Alpha-p
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spectrometer, an instrument equipped with a KBr beam splitter and a TCD detector, was used to
characterize the laterite.

Laterite block Laterite crushed < 250 um
Figure 1: Blocks and crushed laterite

2.1.2. Sourcing of Chemicals and Humic acid solution preparation

Industrial humic acid, sulfuric acid (H2SO4), hydrochloric acid (HCl), and sodium hydroxide
(NaOH) were purchased from Sigma-Aldrich® (AH) in France.

The industrial humic acid taken as a model pollutant to carry out this study had already been
characterized by Coulibaly [4]. They showed similarities between synthetic humic acid and extracted
humic acid from the Akouédo landfill leachate.

Humic acid solutions were prepared with distilled water (conductivity 6 - 7.6 uS/cm and pH =
6.3). In fact, a 1000 mg/L humic acid stock solution was prepared by adding 1g humic acid salt to one
liter of distilled water with stirring. Successive dilutions obtained standards used for the analysis until
the desired concentrations of humic acid. The concentrations were indirectly determined through OD
measurements, and a calibration process was carried out from stallions. Calibration lines were
performed at wavelength > 286 nm using a DR 6000 UV-Visible Spectrometer.

2.2 Experiments
2.2.1. Characterization of the laterite

X-ray diffraction (XRD) data were obtained by reflection on a powder material by Bruker D8
Advance Diffractometer. To this end, the analysis involves subjecting 1 g of powdered laterite installed
in a capsule to a monochromatic X-ray beam and collecting the diffraction spectrum it emits. Thus, X-
ray Diffraction (XRD) analyzes were performed on the Bruker D8 Advance spectrometer, operating
on a copper anode at the University of Li¢ge. The detection threshold of an ordered mineral species is
around 1 to 2 %. The assignment of peaks to the corresponding minerals is done by comparing them
with the data provided by the American Society for Testing and Materials (ASTM) files [31].

IR analysis of the laterite was carried out using a Brukers brand Alpha-p IR spectrometer equipped
with a KBr beam splitter and a TCD detector at the Inorganic Chemistry Laboratory. Applied from the
University of Yaound¢ . Thus, the measurements were carried out in diffuse reflection with a mass of
2 mg of laterite sample powder obtained using a mill and sieved with a Saulas sieve (NF. X 11.501)
with a particle size of less than 250 pm (Figure 1). This ground material obtained from laterite is mixed
with 300 mg of potassium bromide to reduce energy losses. This mixture is pressed in the form of a
pellet in a die. Radiation penetrates inside the sample, undergoes reflection, refraction, diffusion, and
absorption effects, and is then re-emitted in all directions of a hemispherical space. The absorption
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spectra were also carried out in absorbance mode for a wave number scan which varies between 4000
and 400 cm™! [32]. They make it possible to reveal the presence of specific atomic groups in a given
phase.

2.2.2. Optimization of humic acid sorption parameters

The experiments were carried out in a non-renewed medium (batch test) in 200 ml Erlenmeyer
flasks at 26 °C £ 0.3 and stirred using a magnetic stirring set at 300 rpm. A 15 mg/L solution was
prepared from the stock humic acid solution to run the test. Laterite sorption process factors, including
adsorbent material mass, stirring time, reaction medium pH, and adsorbate concentration, were
determined.

Mass optimization consisted of varying it in steps of 0.1 g and mixed with 50 ml of the humic
acid solution. The solutions were stirred before centrifugation at 4000 rpm for 15 min after the stirring
time. The UV-Visible Spectrometer analyzed the filtrates obtained to follow the reduction of humic
acid in solution. The ratio [AH]/[AH]o and the abatement rate were calculated, according to equation

(1).

Co_C
R[%] = Oc %100 (Eqn.1)

0
With: Co (mg/L) the initial concentration of humic acid and Ct (mg/L) the equilibrium concentration.

Regarding laterite masses, the stirring time varied in steps of 10 min for 1h followed by 60 min
steps until saturating the materials. The residual humic acid concentrations were determined at each
time step. This was performed as [AH]/[AH]o ratios for each time, and the abatement rate was
calculated according to the equation (1) above.

The influence of the reaction medium pH on humic acid sorption onto the laterite was
determined at different pH (3.5; 4.5; 6.5; 8.5 and 9.5) in the same reaction conditions as before. The
pH value was adjusted using 0.1 M hydrochloric acid solution or 0.1 M sodium hydroxide solution.
Residual humic acid concentrations were determined at the equilibrium, and the ratio [AH]/[AH]o and
the abatement rate were calculated according to equation (1) above.

2.2.3. Kinetics and the influence of initial humic acid concentrations

Sorption kinetics for synthetic humic acid onto laterite provided information on the binding rate
of humic acid molecules onto the solid mass and the adsorption capacities at the equilibrium of the
adsorbent with respect to -vis of humic acids, are followed. During these kinetic tests, humic acid
concentrations were set up at 20, 40, 80, and 100 mg/L for a reactant medium pH value of 6-6.7. This
was performed at the optimum mass and stirring duration values as determined under the same reaction
conditions described above. These experiments enabled us to determine the laterite's adsorption
capacity (Qt). The residual concentrations of humic acid in solution were measured at each time point
(t) (Ct). The humic acid concentration per mass unit of laterite at the time (t) was calculated according
to equation (2):

(Cy_C) XV
a =~ (Eqn.2)
With gt (mg/g) the adsorption capacity after a stirring time t, Ct the humic acid concentration at time t
(mg / L), Co the initial humic acid concentration (mg / L), m the mass of the adsorbent (g) and V the

volume of the solution in L.
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2.2.5 / Sorption isotherm

Adsorbent masses corresponding to the optimal masses of laterite were added to humic acid solutions
previously prepared at initial concentrations ranging from 15 to 100 mg/L, to perform a sorption
isotherm. The whole humic acid solution containing laterite was stirred at 300 rpm until reaching
equilibrium time at 26.3 °C and pH 6 - 6.7.

The supernatant was collected, and the humic acid concentrations were determined. The quantity of
organic matter fixed per mass unit (Qe in mg/g) at various equilibrium times was calculated according
to the equation (3):

(Co_Co) XV
e=———— (Eqn.3)
Where: qe (mg / g), the adsorption capacity at equilibrium; Ce, the equilibrium humic acid
concentration (mg / L); Co, the initial concentration of humic acid (mg / L); m, the mass of the
adsorbent (g); and V, the volume of the solution (L).

2.2.5. Modeling sorption kinetics

Among the adsorption models developed, three kinetic models were used in this study, including
two of the reaction models (pseudo-first order and pseudo-second order) [33,34]. and one diffusional
model (intra-particle diffusion of Weber and Morris [35]) [36]. Kinetic equations and their linearized
forms of the models are presented according to equations 4, 5, 6, and 7.

v Pseudo-first order: ge, ki

k, ¢
*
2,303 )

Log(qge — qt) = Log(ge) — ( (Eqn.4)
Where: ge and qt, the amount of solute adsorbed respectively at equilibrium and at time t (mg/g); ki,
the adsorption rate constant (min™!).

The amount of solute adsorbed at equilibrium qe and the pseudo first order rate constant k; are
determined from the graphical representation of Log (qe-qt) as a function of time t.

v Pseudo-second order: qe, k;
t 1 t

= + —
qt kZ qe2 Qe

(Eqn.5)

h = k,q.2 (Eqn.6)

Where: k», the speed coefficient (g.mg-1min-1); h, initial rate of adsorption.
Plotting 1/qt as a function of time t gives a linear curve with a slope of 1/qe and a y-intercept of 1/k>qe?.

v' Diffusion adsorption model : Intra-particule scattering kg, C
q(t) = kqt/2 4+ C (Eqn. 7)

Where: kg mg / (g.h'?): the intra-particle diffusion constant, C (mg / g): constant representative of the
thickness, kq depends on the diffusion coefficient of the species considered as well as on the size and
number of pores borrowed within the adsorbent material.
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2.2.6. Modeling of isotherms

The Langmuir and Freundlich models were used in this study. Their mathematical expressions
are given by equations 8 and 9.

v" Langmuir isotherm (1918) :

1 1 < 1
qe dm quL
1
* —) (Eqn. 8)
Ce

Where: qe is the adsorbed quantity of the solute at equilibrium (mg / g), Ce, the concentration of the
solute at equilibrium (mg / L), qm (mg / g) represents the maximum adsorption capacity, and ki the
Langmuir affinity constant.

v' Isotherm by Freundlich (1906) :

qe = kf * Cel/nf (Eqn' 9)

Where: qe, amount adsorbed at equilibrium per gram of solid (mg / g); Ce, adsorbate concentration at
adsorption equilibrium (mg / L); kr and n¢> 1 Freundlich constants characteristic of the efficiency of a
given adsorbent with respect to a given solute. Thus, the higher the kr value, the greater the adsorption.

3. Results and Discussion
3.1 Characteristic of laterite

The analysis results made on the crushed laterite by X-ray diffraction (XRD) are presented in
figure 2. These results show that the laterite would contain several minerals including a single clay
mineral which is kaolinite (Si20sAl,(OH)4 (7.18; 4.37; 3.55; 2.51 and 1.82 A). The main crystalline
forms of iron oxides and oxyhydroxides are hematite (Fe20s) (2.71; 2.51 and 20.20 A), goethite (FeO
(OH)) (4.17 A), maghemite (Fe,0s) (1.98 A); aluminum hydroxides revealed the presence of gibbsite
(Al (OH)3, (4.86; 4.37; 3.18; 2.45, and 2.39 A), finally the presence of calcite (CaCOs) (3.04; 2.51 and
2.27 A) and quartz (Si02)(4.27; 4.25; 3.34; 2.45; 2.28; 2.13 and 1.67 A) were confirmed. The
assignment of these peaks to the corresponding minerals was made by comparing them with data
provided by the American Society for Testing and Materials (ASTM) files [31].

Infrared analysis (FTIR), as a mineralogical analysis tool and complementary to X-ray diffraction,
detected the presence of the same minerals as that of XRD in the laterite. Thus, the spectrum of the
FTIR analysis of laterite is shown in Figure 3 [37,38,39]. Their genesis could explain the abundance
of these minerals in laterite. In fact, the laterite from Coéte d'Ivoire is assumed to be produced from the
weathering of granite and phyllites or from the hydrolysis of carbonate or silicate rocks [40,22]. This
is why we distinguish between hydrates of alumina and iron, which gives the characteristic red color
of laterites.

The mineralogical nature of the laterite revealed by its results would be an asset for carrying out
treatment tests by adsorption of humic substances from the leachate [26,41].
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Figure 2: XRD spectra of laterite.
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Figure 3: Infrared spectrum of raw laterite ground material between 4000 to 400 cm™!.

3.2. Optimum parameters for adsorption of humic acid on laterite
3.2.1. Optimal mass of laterite

Figure 4 plots humic acid abatement rates as a function of laterite masses. Indeed, it is observed
that the curve has three (3) phases, including a rapid one characterized by a strong positive slope, a
second slowing phase characterized by a weak positive slope, and a slow regression phase characterized
by a weak negative slope. We note that increasing adsorbent masses in the reaction medium inversely
influences the reduction rate. Therefore, the optimum concentration is 80 g/L for laterite with a yield
of 93.50 %. The adsorption of HAs in the first phase could be explained by the fact that sorption
surfaces of the materials are prominent in this phase. The slowdown observed in the second phase is
justified by the low availability of the sorption surface. Regressions observed at high concentrations of
materials could be due to materials deposit leading to aggregation. Thus, from a given concentration
of materials (optimal concentration), any supplementary addition of materials does not contribute to
adsorption [41].
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Large amounts of mineral compounds on the surface of materials such as iron, aluminum, calcium,
and magnesium could justify the significant organic matter retention from the humic acid type. Indeed,
organic particles essentially associate with mineral particles through electrostatic bonds made possible
by hydroxide radicals to form aggregates [27]. This could result from several types of functional
surfaces present within mineral particles, such as surfaces presenting hydroxylic groups, deriving from
iron and aluminum, which gives several possibilities of bonds with organic matter [26]. According to
Khansaa [41], the addition of inorganic salt can also influence the adsorption reaction by affecting the
molecular structure of HA. This result could be attributed to the coordination surface of HA in ambient
suspensions of mineral particles [42,25,43]. Similar trends have been observed by Coulibaly [44]
during the adsorption of phosphates to laterites. Guergazi [45] corroborate these results. They have
shown that the removal of humic substances varies with the mass of adsorbent involved indeed.

Ouakouak's [46] study regarding the sorption of a synthetic solution of humic substances by
activated carbon goes against the results of the present study, as he observes an increase in the
elimination efficiency of the organic matter when the mass of adsorbent introduced increases.

100
90
80
70
60
50
40
30
20
10

Reduction rate (%) of HA

0 40 80 120 160 200
Concentration of laterite (g/L)

Figure 4: Curve of the optimal laterite concentration.
Experimental conditions: initial concentration of humic acid = 15 mg/L; Stirring speed = 300 rpm, stirring time = 24
hours; pH = 6.5; Temperature = 26 °C + 0.3, the mass of ground laterite between 0.1 and 12 g.

3.2.2. Optimal stirring time

The evolution of humic acid sorption onto the laterite as a function of the stirring time is shown in
Figure 5. We note that the influence of the stirring time on humic acid sorption onto the laterite shows
two phases. Equilibria are reached after 90 min on the laterite with adsorption maxima of 96 %. These
relatively short contact times demonstrate the rapidity of the phenomenon. This could be due to the
complexation between the functional groups of humic acid and the oxides present on the mineral
surfaces of the two adsorbents. Most of the works on the sorption kinetics of organic pollutants in soils
show that the adsorption was a rapid phenomenon where often more than 50 % of the solute is adsorbed
in a few minutes [47,48]. According to Calvet [49], a few hours of contact are generally sufficient to
achieve equilibrium. Kleber [50] have also shown that natural organic matter has similar functional
groups, mainly carboxyl, and alcoholic/phenolic OH groups, which therefore react with surface
minerals. On the contrary, the study conducted by Koua-Koffi [23] on the arsenic sorption onto laterite,
sandstone, and shale showed that the time required to reach equilibrium is 3, 5, and 8 hours of agitation,
respectively for sandstone, laterite and slate shale.
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Also, according to Blacke [51], sorption of organic compounds such as humic substances could
depend on their affinity to the adsorbent and interactions with the solvent itself.

12 ¢
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Z 061
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0,2-&
0:""i""i""i""i""i""i""i
0 200 400 600 800 1000 1200 1400

Time (min)

Figure 5: Degradation of humic acids as a function of the stirring time on the laterite.
Experimental conditions: initial concentration of humic acid = 15 mg / L; Stirring speed = 300 rpm; stirring time = 24
hours; pH = 6.5; Temperature =26 ° C = 0.3.

3.2.3. Influence of pH on the adsorption of humic acid

Figure 6 plots [AH]/[AH]o ratios for humic acids sorption onto laterite as a function of the pH of
the medium. In general, the curve shows that changes in adsorbed humic acids masses are inversely
proportional to pH increases. Sorption is quite high at pH values between 3.5 and 5.5.

This change in laterite could be justified by modifying the surface charges of materials for each pH
value for the medium changes. Indeed, in an acidic medium, the surface charge of laterites is positive
until reaching the point of zero charge or the isoelectric potential (ZPC) of (oxy)hydroxide surfaces is
6.1 [22]. For pH greater than 6.1, the surface charges are negative. Thus, in an acidic medium, the
carboxyl functional groups of humic acids are mainly adsorbed on the protonated surface of the
hydroxyl groups of the laterite and as the pH increases the reaction takes place with the phenolic groups
of humic acids [42,52].

Indeed, low pH values would be favorable to the formation of strong surface complexes of the
internal sphere, while at neutral and alkaline pH, complexation of the relatively weak external sphere
would dominate [53,54,55,56,57].

Humic acid contains a wide range of functional groups (COOH, OH, NHo, etc.). According to
Daifullah [58], more of these groups are in an uncharged state, hence more adsorbable at lower pH.
Therefore, a less hydrophilic part of the humic polymer would bind to hydrophobic compounds, and
the binding constant would increase as the pH is reduced. Wang [52] showed that electrostatic
interactions are more critical when the pH decreases among the adsorption mechanisms. Hydrophobic
interactions could also occur during the adsorption of AH [59]. The results obtained from several
authors who have achieved sorption of humic substances on clays, red blood cells, and alumina are
inversely proportional to the pH [60,61,62,63]. The adsorption of HA on bentonite was found to be
inversely proportional to the increase in pH due to the increased repulsion between HA and bentonite
[64].
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Figure 6: Effect of pH on humic acids removal by laterite.

Experimental conditions: initial concentration of humic acid = 15 mg/L; Stirring speed = 300 rpm; pH = 3.5; 4.5;
5.5; 6.5; 8.5; 9.5; Temperature =26 ° C £ 0.3.

3.2.4. Influence of initial concentration on humic acid retention kinetics

Figure 7 presents sorption capacities (Qt) corresponding to each material as a function of time.
These capacities evolve with increasing HA concentration.

Results also show that HA sorption efficiency increases with an increasing initial concentration of
HA in solution (20, 40, 80, 100 mg/L). This could be explained by the fact that an increase in HA
concentration offers more binding sites on the carboxylic groups.

Therefore, electrostatic attraction phenomena could occur between the functional groups of humic
acids and certain charged active sites of laterite and shale. This is due to the shift in equilibrium in the
direction of binding of HA molecules [65]. According to Weng [66], the evolution of adsorption of
organic matter would vary with ionic strength and ligand types. Thus, increasing ionic strength was
favorable for HA sorption onto goethite. This could be attributed to a decrease in molecular size and
stronger competition with the ions in the electrolytes for surface charge neutralization. According to
Kleber [50], sorption of organic ligands onto mineral surfaces would depend upon their concentration
in the solution and the solution composition. The low concentrations allow organic polyelectrolytes to
establish a maximum of strong inner sphere surface complexes on surface oxides [67].

—x—[AH]= 20 mg/L —e—[AH]= 40 mg/L
—s—[AH]= 80 mg/L —e—[AH]= 100 mg/L

—
)

—
N A

—

gt (mg/g) on the laterite
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80 100 120 140
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Figure 7: Retention capacity as a function of time on the laterite.
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3.3. Kinetic modeling
3.3.1. Pseudo-first order model

Figure 9 and Table I show results for applying the pseudo-first order kinetic model to fit humic
acid sorption experimental data at different concentrations on laterite. We note that whatever the
concentrations of humic acid, the humic acid sorption capacities determined by a series of tests on the
laterite (Qe, exp, mg/g) are different from those calculated theoretically (Qe.cal, mg/g). However,
correlation values (R) vary between 0.60 and 0.80 for laterite regardless of concentrations. These low
values show that a first-order law cannot describe the adsorption of humic acids to these materials.

¢ 100 mg/L m80 mg/L + 40 mg/L x 20 mg/L

05 T

o 0 = L
= IS S 2 A

o oy LA

S b e et

E—O,S - .i-::”;:ﬂ,n"' ...............

() H ¢ . ......

£ e

C -1 - X ...-"':_."'

o o L.

= LR

o - . °

q_)-1,5 T . X °

O

N

g

J _2 1 1 1 1 : 1 1 1 1 : 1 1 11 : 1 1 1 1 : IIIIIIIIIIIIIII

0 20 40 60 80 100 120 140
Time (min)

Figure 9: Pseudo-first order linearization for HA adsorption to laterite.

Table I: Kinetic parameters relating to the pseudo-first order model.

Parameters Ci Qe,exp Qe,cal . 1
Massive (mg/l) (mg/g) (mg/g) ki (min”) R
20 0.10 0.60 4.50 107 0.70
40 0.50 1.20 8.10 103 0.65
Laterite
80 1.10 1.80 15.40 1073 0.70
100 1.40 1.90 221073 0.80

3.3.2. Pseudo-second order model

Figure 10 shows the results of applying the pseudo-second order kinetic model to the experimental
data from the adsorption of humic acid by laterite. Furthermore, the results of various indices inherent
in the model are listed in Table II. We note that whatever the humic acid concentrations of 20, 40, 80,
and 100 mg/L, there is a good correlation between the experimental adsorption capacities (ge.exp) and
the theoretical values (qe.cal) for laterite.

Also, correlation coefficient values vary around 1, which thus shows the conformity of the
theoretical data with those obtained during the batch tests. The pseudo-second order model would better
describe the adsorption of humic acid to laterite. The results showed that the pseudo-second order
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model better simulates the experimental data. This suggests that chemosorption may be the dominant
mechanism in the adsorption of humic acid to shale and laterite [68,69,70,71]. Koua-Koffi [23] and
Kpannieu [72] came to similar findings regarding sorption on laterite and shale. The results of Abdel-
Rahman [71] showed that sorption of AH onto smectite followed the pseudo-second order pattern under
various conditions. In fact, chemisorption takes place through the exchanges of anions and ligands
between the sheets of the gibbsite of the materials and the humic acid [73,74,75,76,70]. The presence
of iron and aluminum oxides in laterite and shale could promote this phenomenon because it seems
that higher valence cations such as Fe**, AI** could promote more significant sorption of humic acid
than lower valence cations [57]. Yuan [25] reported that ligand exchanges between a hydroxyl group
attached to aluminum oxides in an allophane structure and a carboxylate group in humic acid would be
due to the chemisoption mechanism. Also, Coulibaly [22] showed that chemisorption would be the
dominant mechanism during the retention of phosphates on geo-materials such as sandstone, shale, and
laterite.
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Figure 10: Pseudo-second order linearization for HA adsorption to laterite.

Table II: Parameters of the pseudo-second order model equation.

Parameters Ci Qe,exp Qe,cal k> R h
Massive (mg/l) | (mg/g) | (mg/g) | (min/mg/g) (mg/g/min)
20 0.14 0.14 2.90 103 0.97 5.80 107
40 0.46 0.42 9.30 103 0.73 1.90 103
Latérite
80 1.10 1.07 0.15 0.99 16.30 1072
100 1.42 1.40 0.70 0.99 1.30

3.3.3. Intraparticule diffusion model (Weber and Morris, 1963)

The intra-particle diffusion model applied to the data of the HA adsorption tests on the laterites is
presented in Figure 11, and the model parameters are entered in Table III. Indeed, the curve shows
the appearance of two phases: a first linear and one that has become in the form of a plateau, which
would indicate that the adsorption process takes place at the surface and intra-particulate diffusion
through the micropores. Moreover, the fact that the lines obtained do not go through the origin reveals
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that the distribution in the pores is involved in the sorption process but is not the only mechanism
limiting the kinetics of sorption. Indeed, this result could be due to the fact that the sorption is spanked
by trapping in the crystalline pores and the intra-domain regions, and in the intercalated spaces, the
physical-chemical nature of the laterite would be more favorable than that of the schist [23,72]. The
work of Wu & Gschwend [77] confirms that the sorption kinetics are controlled mainly by the
intraparticle diffusion of the solute within microaggregates of soils or sediments.
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Figure 11 : Linearization according to the intra-particule diffusion model for the adsorption of HA
on laterite.

Table III : Intra-particule diffusion parameters on laterite.

Parameters .
Massive Co (mg/L) K4 (mg/min'?g) C (mg/g) R
20 2.63 102 2.60 1072 0.88
40 0.01 0.20 1072 0.99
Laterite
80 0.60 1072 0.30 0.99
100 3.10 1072 0.35 0.89

3.4. Modeling of adsorption isotherm
3.4.1. Experimental data of adsorption isotherm

Figure 12 shows the adsorption isotherm of humic acid on the laterites. The curve has substantially
two phases, the first phase between 0 and 11.5 mg/L of humic acid with an adsorption capacity at
equilibrium (qe) equal to 0.92 mg / g on the laterite. Then comes a second visible phase for the treated
concentrations. The shape of this curve is of type L according to the classification of Giles [78]. This
would mean that the sorption occurs by the progressive occupation of the available sites on the massifs
until complete saturation, where retention no longer occurs (sorption in a monolayer). This model
(Langmuir) thus makes it possible to predict the number of adsorbate molecules to cover the solid with
a single molecular layer.
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Figure 12: Sorption isotherms of humic acid on laterite
Experimental conditions: initial concentration of humic acid = 15, 20, 40 80, 100 mg / L; Stirring speed = 300 rpm,
Stirring time = 90 min; pH = 6.5; Temperature =26 ° C + 0.3.
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3.4.2. Modeling of the isotherm

The Langmuir and Freundlich models were used to fit experimental data of humic acid sorption on
laterite. Figure 13 plots the 1/qe curve versus 1/ce for the Langmuir model and In(qe) versus In(ce) for
the Freundlich model. After linearizing the equations, the parameters related to these models are
summarized in Table I'V.
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Figure 13: Representation according to the Langmuir (A) and Freundlich (B) model for the
adsorption of HA on laterite.
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Table I'V: Parameters linked to the Langmuir and Freundlich model

Model Parameters Laterite

Qm,exp (Mg/g) 1.50

. qm,.L (mg/g) 1.20
Langmuir = 0.05
R 0.99

ke 0.20

Freundlich 1/n¢ 0.70
R 0.70

We notice that the Langmuir and Freundlich models have good affinities because the experimental and
theoretical values of Qm obtained are practically identical, and the values of the correlation coefficients
are very close to 1. In addition, the Langmuir model showed a better fit with the experimental data of
the adsorption isotherms on the two massifs, unlike that of Freundlich [79]. The work of Koua-Koffi
[23] on the adsorption of arsenic on laterite, sandstone, and shale noted that the Langmuir model was
more satisfactory for describing the adsorption process of As on the three (3) supports. Those of
Hengpraprom [80] on the sorption of humic acids (HA) and a-endosulfan by clay minerals gave results
similar to those of the present study. By count on montmorillonite, the value of the Freundlich
parameter n is less than 1, which indicates that the sorption sites are limited.

Conclusion

The study aims to conduct a batch adsorption treatment of industrial humic acid from laterite.
To do this, in order to know the physicochemical nature of the laterite, the mineralogical
characterization by XRD and infrared of the laterite was carried out. Results showed the presence of
minerals such as iron oxides and oxyhydroxides (hematite (Fe>O3), goethite (FeO (OH)), maghemite
(Fe203)), aluminum, calcium, and magnesium in the laterite.

The batch adsorption study demonstrated the optimal concentration of laterite to use. This
corresponds to 80 g/ L for a concentration of 15 ml / L of humic acid. Regarding the influence of the
stirring time on the adsorption of humic acids by the laterite, equilibrium was reached after 90 min on
the laterite with absorption maxima of 96 %. Regarding the effect of pH on the adsorption of humic
acids on laterite, the results generally showed that the change in masses of adsorbed humic acids is
inversely proportional to the increase in pH. The high yield was obtained at a pH between 3.5 and 5.5
with 97.22 % to 93.33 % abatement.

Results of humic acid concentration influence on its sorption on laterite showed an increase in
the adsorption efficiency of HA with increasing the initial concentration of HA in solution up to 100
mg/L.

In addition, the Langmuir model showed a better correspondence with the experimental data of
the adsorption isotherms on the two massifs, unlike that of Freundlich.

Acknowledgement

This work was supported by UNESCO Regional Office for Eastern Africa. We gratefully acknowledge
Professor. DJOUFAC WOUMFO Emmanuel (Yaoundé I University) for the supervision, Dr. MBEY
Jean Aimé (Yaoundé I University) for this analysis and the research team of the applied inorganic

Y. Coulibaly et al., J. Mater. Environ. Sci., 2021, 12(12), pp. 1561-1580 1575



chemistry laboratory of Yaoundé I University. We thank the Sanitation and Environmental Engineering
research team members (University of Nangui Abrogoua) for their help during the article’s redaction.

Disclosure statement: Conflict of Interest: The authors declare that there are no conflicts of interest.
Compliance with Ethical Standards: This article does not contain any studies involving human or
animal subjects.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

B. Vigneault, “Interactions des substances humiques dissoutes avec les algues unicellulaires -
Meécanismes et implications”, Theése de Doctorat, Université de Quebec INRS -Water, (2000)164
p.

N. Turki, D. Belhaj, 1. Jaabiri, H. Ayadi, M. Kallel, J. Bouzid, “Determination of Organic
Compounds in Landfill Leachates Treated by Coagulation-Flocculation and Fenton-Adsorption”,
Journal of Environmental Science, Toxicology and Food Technology, 7(2013) (3/18-25): 2319-
2402.

K. H. Kanga, H. S. Shinb, H. Parka, “Characterization of humic substances present in landfill
leachates with different landfill ages and its implications”, Water Research, 36 (2002) 4023-4032
Y. Coulibaly, K. Tiangoua, M. Kamagaté, P. J. M. Ouattara, S. L. Coulibaly, L. Coulibaly, *
Characterization of the Leachate from the Municipal Landfill of Akouédo (Abidjan, Cote
d’Ivoire),” Journal of Environment and Earth Science, 10(4) (2020) 17 - 22.

D. J. Seo, Y. J. Kim; S. Y. Ham; D. H. Lee, “Characterization of dissolved organic matter in
leachate discharged from final disposal sites which contained municipal solid waste incineration
residues”, Journal of Hazardous Materials, 148(2007) 3: 679-692.

B. Emilien, “Evolution of the environmental impact of household waste leachate on surface and
groundwater: hydrobiological and hydrogeological approach of the Etueffont landfill”, Doctoral
thesis, University of Franche-Comt¢, Besangon, France, (2008)248 p.

S. Lessard, “Identification of the causes of the organoleptic nuisances of lake water to be made
drinkable and proposal of a treatment process”, Master's thesis at the National Institute for
Scientific Research (INRS-Eau) at the University of Quebec, Quebec, Canada, (1993)186 p.

A. S. Maiga, “Organoleptic quality of drinking water produced and distributed by EDM.sa in the
city of Bamako: seasonal assessment,” Doctoral thesis at the University of Bamako, Bamako,
Mali, (2005)77 p.

D. L. Goné, “Natural organic matter in surface water of the Agneby watershed: Characterization
and elimination by coagulation-flocculation during the production of drinking water, > State
thesis in Environmental Sciences and Management, Nangui Abrogoua University, (2010)257 p.
M. W. Le chevalier, “Coliform regrowth in drinking water,” A review Journal (American Water
Works Association, 82(1990) 11: 74-86.

C. Richard, D. A-Marc, P. Patrick, “Sanitary landfill sites in Estrie and public health ”, Final
report of the RRSSS project with the center hospitalier universitaire de sherbrooke, Quebec,
Canada, (1993)213 p.

A. Zouboulis, X. Chai, 1. Katsoyiannis, “The application of bioflocculant for the removal of
humic acids from stabilized landfill leachates”, Journal of Environmental Management,
70(2004) 35-41.

Y. Coulibaly et al., J. Mater. Environ. Sci., 2021, 12(12), pp. 1561-1580 1576



[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

J. Labanowski, G. Feuillade, “Study of organic matter refractory to coagulation-flocculation and
its alternative process, electrocoagulation, during the treatment of stabilized leachate”, Waste -
French-language journal of industrial ecology : 41 - 1st quarter, (2006)5 p.

T. A. Kurniawan, W. H. Lo, G. Y. Chan, “Physico-chemical treatments for removal of
recalcitrant contaminants from landfill leachate”, Journal of Hazardous Materials, 129(2006)
80-100.

N. Bellier, F. Chazarenc, Y. Comeau, “Phosphorus removal from wastewater by mineral apatite
”, Wate Research, 40(2006) 2965-2971.

S. Gueu, “Elimination of humic acids present in water by adsorption and / or photocatalysis,”
Doctoral thesis at the University of Lorraine, (France) / Institut National Polytechnique Felix
Houphouet Boigny de Yamoussoukro (Yamoussoukro - Ivory Coast), (2019)136 p.

B. Lalvani, A. Deneve, A. Weston, “Passivation of pyrite due to surface treatment ”, Fuel.,
69(1990) 12: 1567-1569.

Q. Zhou, S. E. Cabaniss, P. A. Maurice, “Considerations in the use of high-pressure size
exclusion chromatography (HPSEC) for determining molecular weights of aquatic humic
substances ”, Water Research, 34(2000) 14 : 3505-351.

S. Achour, N. Seghairi, “Possibility of retention of humic substances by adsorption on bentonite”,
Larhyss journal, 01(2002) 08-14.

Koller, “Treatment of industrial pollution: water, air, waste, soil, sludge ”, Dunod, Paris:
collection: Technique and engineering. Environment and safety series, (2004)424 p.

M. Wang, L. Liao, X. Zhang, Z. Li, “Adsorption of low concentration humic acid from water by
palygorskite , Applied Clay Science, 67(2012) 164-168.

S. L. Coulibaly, “Abatement of phosphates in wastewater by adsorption on geo-materials made
up of laterite, sandstone and slate shale”, Doctoral thesis, University of Lorraine, (France) /
Nangui Abrogoua University, Abidjan, Ivory Coast, (2014)233 p.

N. A. A. Koua-Koffi, L. S. Coulibaly, D. Sangare, L. Coulibaly, “Laterite, sandstone and shale
as adsorbents for the removal of arsenic from water , American Journal of Analytical Chemistry,
9(2018) 340-352.

A. B. Ama, “Management of domestic wastewater: network characterization and pretreatment
using an intermittently fed sand filter”, Doctoral thesis, Nangui Abrogoua University, Abidjan,
Ivory Coast, (2013)138 p.

G. Yuan, B. K. G. Theng, R. L. Parfitt, H. J. Percival, “Interaction of allophane with humic acid
and cations”, European Journal of Soil Science, 51(2000) 35-41.

I. Kogel-Knabner, G. Guggenberger, M. Kleber, E. Kandeler, K. Kalbitz, S. Scheu, K.
Eusterhues, P. Leinweber, “Organo-mineral associations in temperate soils: Integrating biology,
mineralogy, and organic matter chemistry 7, Journal of Plant Nutrition and Soil Science,
171(2008) 61- 82.

N. S. Jangorzo, “Quantification of the aggregation process in Technosols,” Doctoral thesis at the
University of Lorraine, Lorraine, France, (2013)188 p.

E. Derakhshani and A. Naghizadeh, “Optimization of humic acid removal by adsorption onto
bentonite and montmorillonite nanoparticles ”, Journal of Molecular Liquids, 259(2018) 76-81.
B. Tagini, “Geological map established at 1/2 000 000 ”, Cartographic service ORSTOM,
University of Cocody and in collaboration with SODEMI, (1972)1 p.

Y. Coulibaly et al., J. Mater. Environ. Sci., 2021, 12(12), pp. 1561-1580 1577



[30]

[31]

[32]

[33]
[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

G. Ouattara, “Structure of the Ferkessédougou batholith (Zuénoula sector, Ivory Coast):
Implications for the interpretation of the Paleoproterozoic from West Africa at 2.1 Ga”, Doctoral
thesis at the University of Orleans, Orléans, France, (1998)291 p.

G. Brown & G. W. Brindley, “X-ray diffraction procedures for clay mineral identification. /n:
Crystal structures of clay minerals and their X- Ray identification”, Mon. 5. Mineralogical
Society, London, (1980)305-359.

A. Célino, O. Gongalves, F. Jacquemin, S. Fréour, “ Using infrared spectrometry for rapid
quantification of moisture content in plant fibers”, Journal of Composite and Advanced
Materials”, 24(2014) 1: 81-95.

L. M. Sun and F. Meunier, “Adsorption. Aspects théoriques”, Techniques de [’ Ingénieur, 2(2003)
1-20.

T. Chouchane, S. Chouchane, A. Boukari, A. Balaska M. H. Samar, “Elimination of lead in
solution by sawdust”, Journal of Renewable Energies, 14(2011) 4: 613-626.

J. R. Weber and J. C. Morris, “Kinetics of Adsorption on Carbon from Solution”, Journal of
Sanitary Engineering Division, American Society Civil Engineering., 89(1963) 2: 31-60.

S. Masson, “Study of the adsorption of emerging micropollutants on activated carbon tissues”,
Grenoble Alpes University, Grenoble, France, (2015)198 p.

P. A. Schroeder, “Infrared Spectroscopy in clay science ”, In CMS Workshop Lectures. Teaching
Clay Science, A. Rule and S. Guggenheim, eds. The Clay Mineral Society, 11(2002) 181-206.
M. Igisu, S. Nakashima, Y. Ueno, M. Stanley, S. M. Awramiks & S. Maruyama, “In Situ Infrared
Microspectroscopy of 850 Million-Year-Old Prokaryotic Fossils 7, Applied Spectroscopy, 60
(2006) 10: 1111-1121.

B. J. Saikia, G. Parthasarathy, & N. C. Sarmah, “Fourier transform infrared spectroscopic
estimation of crystallinity in SiO> based rocks”, Indian Academy of Sciences. Bulletin of Material
Science, 31(2008) 5 : 775-779.

M. D. Gidigasu, “Degree of weathering in the identification of laterite materials for engineering
purposes”, Engineering Geology, 8(1974) 213-266.

Al-E. Khansaa, K. Fawwaz, “Adsorption of Humic Acid onto Jordanian Kaolinite Clay : Effects
of Humic Acid Concentration, pH, and Temperature”, Science Journal of Chemistry, 6(2018) 1:
1-10.

X. L. Tan, X. K. Wang, H. Geckeis, and T H. Rabung, “Sorption of Eu(III) on Humic Acid or
Fulvic Acid Bound to Hydrous Alumina Studied by SEM-EDS, XPS, TRLFS, and Batch
Techniques”, Environmental Science and Technology, 42(2008) 6532-6537.

E. Derakhshani and A. Naghizadeh, “Optimization of humic acid removal by adsorption onto
bentonite and montmorillonite nanoparticles”, Journal of Molecular Liquids, 259(2018) 76-81.
S. L. Coulibaly, K. S. Akpo, J. Yvon & L. Coulibaly, “ Fourier Transform Infra-Red (FTIR)
spectroscopy investigation, dose effect, kinetics and adsorption capacity of phosphate from
aqueous solution onto laterite and sandstone”, Journal of Environmental Management,
183(2016) 1032-1040.

S. Guergazi, D. Amimeur, S. Achour, “Removal of humic substances from two Algerian surface
waters by adsorption on activated carbon and on bentonite”, Larhyss journal, 13(2013) 125-137.
A. Ouakouak, “Study of the elimination of nitrogenous organic pollutants by adsorption on
activated carbon. Magister's thesis in Urban hydraulics and planning”, University of Biskra,
Algeria, (2010) 98 p.

Y. Coulibaly et al., J. Mater. Environ. Sci., 2021, 12(12), pp. 1561-1580 1578



[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

S. W. Karickhoff, “Organic pollutant sorption in aqeous system ”, Journal of Hydraulic
Engineering, 110(1984) 707-735.

A. G. Ahangar, “The effect of minerals on non-ionic compound sorption by changing the sorption
capacity of soil organic matter”, Journal of Soil Science and Plant Nutrition, 12(2012) 4: 825-
833.

R. Calvet, "Le sol ; Propriétés et fonctions", France Agricole/Ed. Dunod, Paris, (2003) 456 p.
M. Kleber, K. Eusterhues, M. Keiluweitk, C. Mikutta, R. Mikutta, and P. S. Nico, “Mineral—
Organic Associations : Formation, Properties, and Relevance in Soil Environments ”, Mineral—
Organic Association, Elsevier Inc., 130(2015) 0065-2113.

G. U. Blacke, N. A. Kulikova, S. Hesse, “Adsorption of humic substances onto kaolin clay related
to their structural features”, Soil Science American Journal, 66(2002) 1805-1812.

S. Wang, Q. Ma and Z. H. Zhu, “Characteristics of unburned carbons and their application for
humic acid removal from water”, Fuel Processing Technology, 90(2009) 375-380.

K. Lackovic, B. B. Johnson, M. J. Angove, J. D. Wells, “Modeling the adsorption of citric acid
onto muloorina illite and related clay minerals ”, Journal of Colloid and Interface Science,
267(2003) 49-59.

S. B. Johnson, T. H. Yoon, and G. E. Brown, “Adsorption of organic matter at mineral/ water
interfaces : 5. Effects of adsorbed natural organic matter analogues on mineral dissolution,”
Langmuir, 21(2005) 2811-2821.

X. H. Guan, G. H. Chen, C. Shang, “Combining kinetic investigation with surface spectroscopic
examination to study the role of aromatic carboxyl groups in NOM adsorption by aluminum
hydroxide, ” Journal of Colloid and Interface Science, 301(2006) 419-427.

S. Kang and B. Xing, “Adsorption of dicarboxylic acids by clay minerals as examined by in situ
ATR-FTIR and ex situ DRIFT ”, Langmuir, 23(2007) 7024-7031.

S. Kang, D. Amarasiriwardena, B. Xing, “Effect of dehydration on dicarboxylic acid
coordination at goethite/water interface 7, Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 318(2008) 275-284.

A. A. M. Daifullah, B. S. Girgis, H. M. H. Gad, “A study of the factors affecting the removal of
humic acid by activated carbon prepared from biomass material ”, Colloids and Surfaces A:
Physicochemical and Engineering Aspects, (2004) 235: 1-10.

H. Chen, L. Koopal, J. Xiong, M. Avena, W. Tan, “Mechanisms of soil humic acid adsorption
onto montmorillonite and kaolinite”, Journal of Colloid and Interface Science, 504(2017) 457-
467.

M. Ochs, B. Cosovic, W. Stumm, “Coordinative and hydrophobic interaction of humic
substances with hydrophilic Al,O3; and hydrophobic mercury surfaces 7, Geochim. Cosmochim.
Acta, 58(1994) 639-650.

Y. Takahashi, Y. Minai, S. Ambe, Y. Makide & F. Ambe, “Comparison of adsorption behavior
of multiple inorganic ions on kaolinite and silica in the presence of humic acid using the
multitracer technique - A comparison with dissolved aluminum”, Geochimica and
Cosmochimica Acta, 63(1999) 806-815.

S. Achour, S. Guergazi, “Effect of metal salts on the chlorination of humic substances in distilled
water”, Larhyss journal, 02(2003) 105-113.

P. Reiller, V. Moulin, F. Casanova, C. Dautel, “Retention behaviour of humic substances onto
mineral surfaces and consequences upon thorium (IV) mobility : case of iron oxides ”, Applied
Geochemistry, 17(2002) 1538-1551.

Y. Coulibaly et al., J. Mater. Environ. Sci., 2021, 12(12), pp. 1561-1580 1579



[64]
[65]

[66]

[67]
[68]

[69]

[70]

[71]

[72]

[73]
[74]
[75]
[76]
[77]
[78]

[79]

[80]

M. Salman, B. El-Eswed, F. Khalili, “Adsorption of humic acid on bentonite”, Applied Clay
Science, 38(2007) 51-56.

T. S. Anirudhan and M. Ramachandran, “Surfactant-modified bentonite as adsorbent for the
removal of humic acid from wastewaters ”, Applied Clay Science, 35(2007) 276-281.

L. Weng, W. H. Van Riemsdijk, T. Hiemstra, “Adsorption free energy of variablecharge
nanoparticles to a charged surface in relation to the change of the average chemical state of the
particles ”, Langmuir, 22(2006) 389-397.

K. Kaiser et G. Guggenberger, “The role of DOM sorption to mineral to soils and related mineral
phases ”, Soil Science Society of America Journal, 61(2013) 1: 64-69.

F. C. Wu, R. L. Tseng, S. C. Huang, “Characteristics of pseudo-second-order kinetic model for
liquid-phase adsorption : a mini-review ”, Chemical Engineering Journal, 151(2009) 1-9.

J. Woranart and L. Tidathip, “Equilibrium and kinetic studies on the adsorption of humic acid by
activated sludge and Bacillus subtilis ”, Songklanakarin Journal of Science and Technology,
34(2012) 6: 669-677.

Y. Y. Zhang, ] W. Lv, Y. Song, X. J. Dong, Q. Fang, Study on kinetics of adsorption of humic
acid modified by ferric chloride on U(VI)”, Earth and Environmental Science, 94(2017) 012-
185.

L. H. Abdel-Rahman, A. M. Abu-Diefl, B. S. Al-Farhan, D. Yousef and M. E. A. El-Sayed,
“Kinetic study of humic acid adsorption onto smectite : The role of individual and blend
background electrolyte 7, AIMS Materials Science, 6(2019) 6: 1176-1190.

D. E. Kpannieu, M. Mallet, L. Coulibaly, M. Abdelmoula & C. Ruby, “Phosphate removal from
water by naturally occurring shale, sandstone, and laterite: the role of iron oxides and of soluble
species 7, C. R. Geoscience, 351(2019) 37-47.

F. J. Stevenson, “Humus chemistry : Genesis, composition, reactions ”, 2" eds. New York, USA:
John Wiley & Sons, (1994) 512 p.

Sun L. M. and F. Meunier, “Adsorption. Aspects théoriques”, Method engineering, 2 (2003) 1-
20

D. Doulia, C. Leodopoulos, K. Gimouhopoulos, “Adsorption of humic acid on acid-activated
Greek bentonite ”, Journal of colloid and Interface Science, 340(2009) 131-141.

L. Zhang, F. Choo, “Characterization and removal of dissolved organic matter (DOM) from
landfill leachate rejected by nano-filtration ”, Waste Manage., 29(2009) 1035-1040.

S. Wu & P. M. Gschwend, “Sorption Kinetics of Hydrophobic Organic Compounds to Natural
Sediments and Soils 7, Environmental Science and Technology, 20(1986) 717-725.

C. H. Giles, D. Smith, A. Huitson, “A general treatment and classification of the solute adsorption
isotherm ”, 1. Theoretical. Journal of Colloid and Interface Science, 47(1974) 755-765.

F. Moyo, R. Tandlich, B. S. Wilhelmi, and S. Balaz, “Sorption of Hydrophobic Organic
Compounds on Natural Sorbents and Organoclays from Aqueous and Non-Aqueous Solutions:
A Mini-Review ”, International Journal of Environmental Research and Public Health, 11(2014)
5020-5048.

S. Hengpraprom, C. M. Lee, J. T. Coates, “Sorption of humic acids and a-endosulfan by clay
minerals ”, Environmental Toxicology and Chemistry, 25 (2006) 11-17.

(2021) ; http://www.jmaterenvironsci.com

Y. Coulibaly et al., J. Mater. Environ. Sci., 2021, 12(12), pp. 1561-1580 1580



