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Abstract 

The environmental pollution caused by the mismanagement of household waste dumps and their leachate in developing countries 

has led researchers to explore adsorption treatment processes using shales from Côte d'Ivoire. To carry out this study, 

mineralogical characterization by X-ray Diffraction and Infrared of the shales was required prior to treatment. Using humic acid 

extracted from the leachates, adsorption tests were carried out using batch adsorption tests, and the optimum adsorption 

parameters were determined and modeled. The results of the mineralogical characterization revealed the presence of certain 

minerals. Batch adsorption treatment using slate from Côte d'Ivoire showed that the optimum concentration of slate to use was 30 

g/L for a concentration of 15 mg/L humic acid. The duration of agitation at equilibrium was 60 minutes, with a maximum 

adsorption rate of 92 %. The effect of pH on the adsorption of humic acids showed that, in general, the evolution of adsorption 

rates was inversely proportional to the increase in pH. The highest yields were obtained at pH levels between 3.5 and 5.5. The 

results of the influence of the initial concentration of humic acids showed an increase in adsorption efficiency with the increase in 

the initial concentration up to 100 mg/L. The pseudo-second order model better described the adsorption of humic acid on the 

shale; it is accompanied by intra-particle diffusion, therefore by a contribution of active sites inside the pores. 
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1. Introduction 

Organic compounds (carbohydrates, proteins, amino 

acids, lipids and other reserve substances) discharged into 

aquatic environments degrade chemically and biologically 

over time [1, 2]. This degradation leads to significant 

consumption of dissolved oxygen in the water by aquatic 

organisms, and can result in their asphyxiation [3-5]. In 

addition, the accumulation of organic compounds in water 

promotes the enrichment of the aquatic environment with 
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nutrient salts, hence the phenomenon of eutrophication. 

This affects aquatic flora and fauna [6]. The result could be 

the disappearance of some aquatic species and the subse-

quent death of water bodies. 

Humic substances, in general, are naturally present in surface 

waters with a content of between 1 and 15 mg Carbon. L-1. 

Unfortunately, due to its high content of organic compounds, 

leachate has been identified as a potential source of ground-

water and surface water pollution [7, 8]. As humic and fulvic 

acids in leachates are made up of large, high-molecular-weight 

of molecules such as phenolitic and aromatic compounds, they 

are a major source of pollution of groundwater and surface 

water. On average, they make up 30% to 50% of dissolved 

organic carbon, and in some highly colored waters, up to 90% 

[9]. As a prelude to the above, photosynthetic activity may be 

limited in the surface layers of surface waters. Studies carried 

out by Vigneault [10], on the interaction of dissolved humic 

substances 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 may 

also enhance the bioavailability of metals in natural waters. 

Futhermore, humic substances may have adverse effects on 

human health. This is demonstrated by the fact that they are 

currently causing problems in drinking water treatment plants. 

They can cause other problems, such as deterioration in or-

ganoleptic quality, bacterial growth in distribution network 

pipes and subsequent corrosion [11, 9, 12]. Also, significant 

consumption of chlorine during disinfection can also lead to 

the formation of potentially toxic chlorinated by-products, 

mainly trihalomethanes and haloacetic acids which at high 

concentrations would be carcinogenic for humans in the long 

term [13]. 

Consequently, leachate must be treated before discharge. 

Several processes are available for this purpose, but the choice 

of treatment process depends on the type of leachate. Bio-

logical processes are suitable for the treatment of biode-

gradable leachates, while physico-chemical processes are 

suitable for leachates with little or no biodegradability. In all 

cases, the results are satisfactory, but the processes are often 

costly and require highly skilled labor [14]. As a result, it 

seems imperative to explore leachate purification technolo-

gies that are less costly and adapted to the realities of devel-

oping countries such as Côte d'Ivoire [15, 16]. The develop-

ment of such types of processes could make it possible to 

mitigate the health and environmental challenges caused by 

leachates in developing countries. 

Many adsorbents have been studied for the treatment of 

the pollutant load of leachates [17]. They are used for the 

adsorption of humic substances which constitute the po-

tential organic compounds of the leachate. These adsor-

bents could thus be classified into two categories. We have 

biological (bio-adsorbents) and geological (geo-adsorbents) 

adsorbents. Some research has shown that these adsorbents 

can be used directly without any prior chemical treatment, 

which is very economically advantageous [18, 19]. The 

added value of the study is the valorization of local ad-

sorbents considered as waste in the treatment of another 

waste such as leachate, by a simple, easy and inexpensive 

process. 

These adsorbents used each have their own more or less 

broad field of application depending on their specificity. Thus, 

the adsorption of humic substances on a wide range of mineral 

surfaces (geomaterials) has been demonstrated and is still the 

subject of several studies today such as iron oxides and hy-

droxides; aluminum; manganese, calcite and silica [20-22]. 

However, the heterogeneous nature of natural organic matter 

in general, and humic substances in particular, has made it 

possible to take into account numerous factors (pH, concen-

tration of adsorbents, etc.) to better describe their retention on 

hydroxides. 

It is in this context that the present study intends to develop 

a system for the treatment of humic acids in the leachate from 

the Akouédo landfill by adsorption using Lomo-Nord Shale. 

It would therefore be important to know the optimum pa-

rameters influencing adsorption treatment. Specifically, the 

aim is to characterize the Shale in order to determine their 

mineralogical composition; to study the adsorption of organic 

matter from the leachate on the Shale in a closed or batch 

reactor and to model the adsorption kinetics based on the 

study data. 

2. Materials and Methods 

2.1. Materials 

2.1.1. Geo-materials or Geo-adsorbents Used 

There are two key reasons why Shale were chosen for the 

Akouédo landfill leachate organic matter treatment trials. 

Firstly, these endogenous materials are abundant in nature. 

They are metamorphic rocks characterized by marked schis-

tosity (Figure 1). The specific surface area of Shale is equal to 

16.5 m2/g [23]. Indeed, Shale are metamorphic rocks that 

were sampled at Lomo-Nord (6° 39' 15'' N and 4° 58' 33'' W) 

in central Côte d'Ivoire, according to the geological map of 

Côte d'Ivoire adapted by Ouattara [24]. 

 
Figure 1. Shale blocks and shreds. 
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2.1.2. Chemicals Used 

Sulfuric acid (H2SO4), hydrochloric acid (HCl) and sodium 

hydroxide (NaOH) were purchased from Sigma-Aldrich® 

Humic Acid (AH) in France. 

2.1.3. Analysis Equipment Used 

To characterize the shales, a Bruker D8 Advance diffrac-

tometer, operating on a copper anode, was used to identify 

their mineralogical phases. In addition to the XRD analysis, 

infrared characterization was carried out using a Brukers 

Alpha-p spectrometer, equipped with a KBr beam splitter and 

a TCD detector. A DR 6000 UV-Viscible spectrometer 

equipped with a 1 cm quartz cell was used to determine the 

initial and residual concentration of leachates. 

2.2. Methods 

2.2.1. Sampling and Preparation of Landfill 

Leachate Solution 

Leachate samples were taken at the intersection of the two 

main leachate streams of the old and new Akouédo landfill 

(Figure 2), which over an area of 153 ha operated from 1965 

until 2017. Despite its closure, these leachates continue to 

flow under these waste piles [25]. On the samples taken, pH, 

conductivity and temperature were measured in situ and 

stored in the laboratory. 

On these samples, humic substances were extracted from 

the leachates [25]. Humic acid solutions were prepared from 

the pellets obtained during extraction. Starting with distilled 

water, the pellets were dissolved in a basic medium with 0.05 

mol/L sodium hydroxide (NaOH) solution under stirring to 

obtain a homogeneous solution. The pH of the solution was 

readjusted with 0.05 mol/L hydrochloric acid (HCl). 

Industrial humic acid solutions from Sigma-Aldrich® were 

prepared for comparison with humic acid extracted from 

leachate to ensure purity. Next, standards for analysis were 

obtained by successive dilutions to the desired concentrations, 

then calibration lines were made from these standards at 

different pH values. Analyses were carried out using a DR 

6000 UV-Visible Spectrometer, in a quartz cell with a path 

length of 1 cm, at a free wavelength of 800 to 250 nm [26, 27]. 

This analysis was used to read the absorbance of HA solu-

tions. 

 
Figure 2. Drainage channels for leachate from the Akouédo landfill [20]. 

2.2.2. Preparation and Characterization of the 

Adsorbent Used 

The shales blocks collected according to GPS coordinates 

were washed and steamed, then crushed. The powders ob-

tained using a crusher were sieved using a Saulas sieve (NF.X 

11.501) at 250 μm, to be used for DRX and infrared analyses. 

X-ray Diffraction (XRD) analyses were carried out on a 

Bruker D8 Advance spectrometer, operating on a copper 

anode, at the University of Liège. The analysis consists in 

subjecting 1 g of powdered shale installed in a capsule to a 

monochromatic X-ray beam and collecting the diffraction 

spectrum it emits. 

Fourier transform infrared analysis of the shale was done 

using a Brukers Alpha-p IR spectrometer equipped with a 

KBr beam splitter and a TCD detector at the Laboratory of 

Applied Inorganic Chemistry of University of Yaoundé I. 

Measurements were carried out in diffuse reflection with a 
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mass of 2 mg of shale sample powder. The shales powder was 

mixed with 300 mg of potassium bromide to attenuate energy 

losses. Absorption spectra were produced in absorbance mode, 

with a scanning wavelength ranging from 4000 to 400 cm-1. 

They reveal the presence of specific atomic groups in a given 

phase. 

2.2.3. Optimization of Humic Acid Adsorption 

Parameters on Shales 

As batch tests are closed systems, they enable maximum 

adsorption conditions to be obtained. Adsorption tests were 

carried out on shale crushed in contact with leachate solutions. 

To this end, the 15 mg/L Humic Acid (HA) solution was 

prepared from the leachate stock solution and stirred in 200 

mL Erlenmeyer flasks at 26°C ± 0.3 using magnetic stirring at 

300 rpm. 

On the shale adsorbents, the optimum parameters - adsor-

bent mass, stirring time, medium pH and adsorbate concen-

tration - were determined. 

(i). Determination of Adsorbent/Adsorbate Ratio 

(Optimal Dose of Shale) 

To find the optimum shales mass, shred quantities were 

varied in 0.1 g increments and mixed each time with 50 mL of 

the leachate solution (Figure 3). After stirring, the solutions 

were centrifuged at 4000 rpm for 15 min. The filtrates ob-

tained were analyzed by the DR 6000 Spectrometer to moni-

tor the abatement of HA in solution. Abatement rates were 

calculated according to relationship 1. 

𝑅[%] =
𝐶0−𝐶𝑡

𝐶0
∗ 100                 (1) 

With: C0 (mg/L) the initial HA concentration and Ct (mg/L) 

the residual concentration. 

 
Figure 3. Stage in the search for the optimum dose of shale. 

(ii). Adsorption Kinetics and Influence of Initial HA 

Concentration 

The kinetic study of the adsorption of the organic matter 

present in the leachate on the shales enables us to determine 

the rate of fixation of the organic matter on these masses and 

the equilibrium adsorption capacities of the shale with respect 

to the organic matter, on the one hand, and to model the 

kinetics in order to determine the characteristic adsorption 

parameters, on the other. 

Starting with the optimum mass of shales, the stirring time 

was varied in 10 min steps for 1 h, then in 60 min steps until 

saturation of the materials was reached. Residual HA con-

centrations were determined at each time step and the removal 

rate was calculated according to relation 1 above. 

During these kinetic tests, the concentration of leachate was 

varied from 20, 40, 80 to 100 mg/L at the pH of the medium 

(6-6.7) at the optimum values of mass and stirring time ob-

tained under the same reaction conditions described above. 

These experiments determined the adsorption capacity (Qt) of 

the shale. The residual concentrations of HA in solution 

measured enable us to deduce the quantity of organic matter 

retained at each instant t (Qt). The quantity of organic matter 

per unit mass of shale at time t is determined by the following 

relationship (2): 

𝑄𝑎𝑑𝑠 =
𝐶0−𝐶𝑡

𝑚
𝑥𝑉                 (2) 

With: Qads (mg/g), adsorption capacity after stirring time t; 

Ct, AH concentration at time t (mg/L); Co, initial AH con-

centration (mg/L); m, shale mass (g) and V, solution volume 

(L). 

(iii). Determining the Optimum pH 

The influence of the pH of the reaction medium on the 

adsorption of organic matter onto shale was determined at 

different pH levels (3.5; 4.5; 6.5; 8.5 and 9.5) under the same 

reaction conditions as above. The pH was adjusted using 0.1 

M hydrochloric acid or 0.1 M sodium hydroxide. Residual HA 

concentrations were determined at equilibrium and the 

abatement rate was calculated according to relation 1 above. 

2.2.4. Modeling Adsorption Kinetics 

The mechanism of humic acid adsorption can be explained 

using kinetic models, which provide information on the dy-

namics of the adsorption process in terms of order and rate 

constant. These are important for designing and modeling an 

efficient adsorption operation. 

Among the models used to model adsorption kinetics by 

researchers, three kinetic models were used in this study, 

including two reaction models (pseudo first-order and pseudo 

second-order) [28, 23, 29] and one diffusion model (Weber 

and Morris intra-particle diffusion) [23, 30]. The kinetic 

equations and their linearized forms of the models are thus 

developed according to equations 3, 4, 5 and 6. 
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(i). Pseudo-first Order: 𝑞𝑒, k1 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔(𝑞𝑒) − (
𝑘1

2,303
∗ 𝑡)           (3) 

With: 𝑞𝑒 and 𝑞𝑡, the quantity of solute adsorbed at equi-

librium and time t respectively (mg/g); k1, the adsorption rate 

constant (min-1). 

The quantity of solute adsorbed at equilibrium 𝑞𝑒 and the 

pseudo-first-order rate constant k1 are determined from the 

plot of Log (𝑞𝑒 − 𝑞𝑡) versus time t. 

(ii). Pseudo Second-order: qe, k2 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑄𝑒
                    (4) 

ℎ = 𝑘2𝑞𝑒
2                      (5) 

Where: k2, rate coefficient (g.mg-1min-1); h, initial adsorp-

tion rate. 

Plotting 
𝑡

𝑞𝑡
 against time t gives a linear curve with a slope 

of 
𝑡

𝑄𝑒
 and an intercept of 

1

𝑘2𝑞𝑒
2. 

(iii). Diffusion Adsorption Model: Intra-particule 

Scattering kd, C. 

𝑞(𝑡) = 𝑘𝑑𝑡
1 2⁄ + 𝐶                 (6) 

With: 𝑘𝑑 mg/(g.h1/2): the intra-particle diffusion constant, 

C (mg/g): constant representative of thickness, 𝑘𝑑 depends 

on the diffusion coefficient of the species in question, as well 

as the size and number of pores in the adsorbent material. 

3. Results 

3.1. Characteristic of Shale 

Figure 4A shows the spectra resulting from XRD analysis of 

the shale crushed material. This analysis highlights the pres-

ence of six minerals at certain intensities, including Muscovite 

(KAl2Si3AlO10(OH)2), Chlorite (Mg6Si4O10(OH)8), Albite 

(Na(AlSi3O8)), Kaolinite ((Si2O5Al2(OH)4), Dolomite 

(CaMg(CO3)2) and Quartz (SiO2). 

Infrared analysis (FTIR) is a mineralogical analysis tool 

that complements X-ray Diffraction, and the infrared spectra 

of schists are shown in Figure 4B. 

The spectra reveal the presence of four (4) main minerals: 

kaolinite, chlorite, quartz and albite. Bands 3696, 3620, 1123 

and 913 cm-1 are attributed to symmetrical elongation vibra-

tions from free OH groups on the external surface, elongation 

vibrations from internal OH groups and deformation OH 

(internal) linked to kaolinite. As for chlorite, this is repre-

sented by the elongation vibration of its vOH group at 3596 

cm-1. Vibrations at 778 and 695 cm-1 are Si-O elongation 

vibrations and its harmonics attributed to quartz. Finally, the 

vibration band at 649 cm-1 is attributed to albite-related SiO 

deformation. 

  
Figure 4. X-ray spectra of shale (A) and Infrared spectrum of raw shale between 4000 and 400 cm-1 (B). 

3.2. Characteristic of Humic Acid in Leachate 

Compared with Industrial Humic Acid 

In order to determine the nature of the humic acid in the 

leachate, a comparison was made between industrial humic 

acid and that extracted from the leachate. UV-Visible spectra 

of both solutions were carried out and are shown in Figure 5. 

The spectra show a decrease in absorption intensity with 

increasing wavelength. However, in all spectra of industrial 

humic acid and leachate, a peak is observed at 286 nm. Also, a 

shoulder was revealed around 250-300 nm. 
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Figure 5. UV spectra of synthetic humic acid (SHA) and leachate 

humic acid (LHA) at pH 6.5. 

3.3. Optimum Parameters Adsorption of Humic 

Acid from Leachate on Shales 

3.3.1. Influence of Adsorbent Mass, Optimal 

Contact Time, Effect of Ph and Influence of 

the Initial Humic Acid Concentration 

The evolution of humic acid removal rates from leachate as a 

function of shale mass (g/L) is shown in Figure 6A. The curve 

shows three (3) phases, a first steep phase where the curve 

reaches a removal rate of 79.40 %, followed by a second shal-

low phase with removal rates peaking at 90 % removal with 

increasing shale mass. Finally, the third phase shows a slight 

regression, with yields decreasing as shale mass increases. The 

corresponding yields range from 90 % to 81.02 %. 

Figure 6B shows the evolution of humic acid removal rates 

from leachate as a function of agitation time. The curve shows 

two phases, one increasing and the other stationary. Equilib-

rium is reached at 60 minutes, with a maximum adsorption 

rate of 92.22 %. The second phase remains stationary re-

gardless of the increase in stirring time. 

These relatively short contact times highlight the speed 

with which humic acid functional groups interact with the 

oxides present on shale mineral surfaces. 

The effect of pH on the adsorption of humic acid from 

leachate by shale was monitored at different environmental 

pH values. Figure 6C shows humic acid removal rates as a 

function of pH. It can be seen that abatement rates are in-

versely proportional to increasing pH. As a result, in acidic 

environments, i.e. in the range 3.5 ˂ pH ˂ 5.5, these rates are 

high, with values between 95.60 % and 90.90 %. Above pH 

5.5, i.e. from pH 6.5 to 9.5, abatement rates decrease with 

increasing medium pH, ranging from 61.70 % to 36.10 %. 

Figure 6D shows the effect of initial humic acid concentration 

in the leachate on the adsorption capacity of the shale. It can be 

seen that the adsorption capacities obtained, respectively 0.08, 

0.17, 0.43 and 0.54 mg/g for initial concentrations of 20, 40, 80, 

100 mg/L, change with increasing initial concentration. The 

higher the initial humic acid concentration, the greater the quan-

tity of functional groups adsorbed, offering more binding sites. 

 

 

 

 
Figure 6. Optimum shale concentration curve (A), Effect of contact 

time (B), Effect of pH on the adsorption (C) and Effect of initial 

humic acid concentration (D). 

3.3.2. Modeling Adsorption Kinetics: 

Pseudo-first-order, Pseudo-second-order 

Model and Intra-particle Diffusion Model 

The experimental data obtained as a function of time were 

analyzed using pseudo-first-order and pseudo-second-order 

kinetic models. Figure 7 shows the application of pseu-

do-first-order (A) and pseudo-second-order (B) kinetic models 

to experimental data at different initial humic acid concentra-
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tions. The constant parameters of the kinetic equation and the 

values of the correlation coefficients are summarized in Table 1. 

It can be seen that the values of the correlation coefficients (R) 

obtained with the pseudo-second-order model tend towards 1. It 

can be seen that the values of the correlation coefficients (R) 

obtained with the pseudo-second-order model tend towards 1. 

Also, the values of q(Qe.cal, mg/g) determined by the pseu-

do-second-order model were in perfect agreement with the 

experimental results q(Qe,exp, mg/g) in contrast to those of the 

pseudo-first-order kinetic model (Table 1). 

Figure 7C shows the application of the intra-particle diffu-

sion model to experimental data at different initial humic acid 

concentrations in the leachates. Table 2 summarizes the model 

parameters. Whatever the humic acid concentration, the curves 

show two phases, a linear first phase and a plateau-shaped 

second. This would indicate that the adsorption process takes 

place on the surface and by intra-particle diffusion through the 

micropores. The second stage was intraparticle diffusion, 

which slowed down and reached equilibrium. Also, the values 

of the correlation coefficients (R) tend towards 1. 

Table 1. Pseudo first- and second-order model equation parameters. 

 Pseudo first order model Pseudo second order model 

Ci (mg/L) qe,exp (mg/g) qe,cal (mg/g) k1 (min
-1

) R qe,cal (mg/g) k2 (min/mg/g) R H (mg/g/min) 

20 0.08 0.60 1.70 10-3 0.57 0.03 16.50 0.94 0.11 

40 0.17 0.70 3.30 10-3 0.73 0.17 2.60 10-2 0.99 7.70 10-4 

80 0.42 1.10 5.30 10-3 0.83 0.40 0.20 0.99 4.20 10-2 

100 0.54 1.10 7.70 10-3 0.62 0.51 2.00 0.99 0.60 

 

 

 

 
Figure 7. Pseudo-first-order (A), second-order (B) and Intra-particle 

diffusion model (C) linearization for HA adsorption on shale. 

Table 2. Intra-particle diffusion parameters on shale. 

C0 (mg/L) kd (mg/min
1/2

g) C (mg/g) R 

20 2.30 10-2 0.01 0.93 

40 0.90 10-2 0.1 10-2 0.99 

80 0.50 10-2 0.30 0.99 

100 0.20 10-2 0.50 0.85 

4. Discussion 

These DRX and IR analyses of shales revealed that they are 

abundant in minerals such as aluminum, silica and magne-

sium oxides and hydroxides. The presence of these minerals 

in schists is thought to be due to the fact that they are altered 

metamorphic or sedimentary or eruptive rocks [31, 23]. In-

deed, metamorphic rocks result from intense alteration of any 

pre-existing rock by heat and/or pressure and/or chemical 

change. Thus, these results provide us with information on the 

mineralogical nature of shales, which would be an asset when 

trying to treat humic substances in leachate by adsorption [32, 

33]. 

In order to determine the nature of the humic acid in the 

leachate, a comparison was made between industrial humic 

acid and that extracted from the leachate. The spectra show a 

decrease in absorption intensity with increasing wavelength. 

However, in all spectra of industrial humic acid and leachate, 
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a peak is observed at 286 nm. Also, a shoulder was revealed 

around 250-300 nm. This could be linked to the fact that 

humic acid possesses chromophores, and the observed 

shoulder could be attributed to the presence of aromatic 

structures. Studies by Fooken and Liebezeit [34] and Niu et al. 

[35] have shown that this shoulder is due to the overlapping 

absorbance of a large number of chromophores present in the 

core of the humic acid molecule. 

In general, the chromophores responsible for absorption in 

this UV region are mainly phenolic arenes, benzoic acids, 

aniline derivatives, polyenes and polycyclic aromatic hydro-

carbons with two or more rings [26, 27]. The presence of OH 

bonds from alcohol groups, phenols, carboxylic acids and 

aromatic C=C bonds had been revealed in humic acids from 

leachate by studies by Coulibaly et al. [25]. These would 

confirm the purity of humic acids extracted from leachate and 

their similarity to industrial humic acids. 

The evolution of humic acid removal rates from leachate as 

a function of shale mass (g/L) is shown three (3) phases. The 

yields obtained in these three phases are justified by the 

availability of adsorbent surfaces. Thus, as the mass of shale 

in the reaction medium increases, the yield increases until it is 

parked, hence the slowdown observed in the second phase. 

This can be explained by the fact that, as the quantity of shale 

in the medium increases, the formation of deposits of material 

due to the production of agglomeration occurs [36, 37]. Thus, 

from a given concentration of materials (optimum concentra-

tion), any further addition of materials does not contribute to 

adsorption [38, 23]. 

The curve of the evolution of humic acid removal rates 

from leachate as a function of agitation time shows two phases, 

one increasing and the other stationary. Equilibrium is reached 

at 60 minutes. 

These relatively short contact times highlight the speed 

with which humic acid functional groups interact with the 

oxides present on shale mineral surfaces. Indeed, some studies 

have shown that the adsorption kinetics of organic pollutants 

in soils is a rapid phenomenon where often more than 50 % of 

the solute is adsorbed in a few minutes [39]. Thus, a few hours 

of contact would suffice to reach equilibrium. The adsorption 

of organic compounds such as humic substances depends not 

only on their affinity for the adsorbent, but also on interactions 

with the solvent itself [40, 41]. 

The effect of pH on the adsorption of humic acid from 

leachate by shale was monitored at different environmental 

pH values. It can be seen that abatement rates are inversely 

proportional to increasing pH. The high rate of adsorption of 

humic acid from leachate by shale in an acidic environment 

is due to the reaction between the carboxylic, aromatic and 

phenolic functions of humic acids and the mineral surface of 

the shale. Indeed, the main minerals present in shale, such as 

aluminum, silica and magnesium oxides and hydroxides, can 

be considered as reactive surfaces [42, 33]. Also, the 

chemical reactivity of minerals is linked to their surface 

properties, yet the surface charges of shales are negative 

whatever the pH of the environment [43]. According to 

Daifullah et al. [44], at low pH, a greater number of func-

tional groups (COOH, OH, NH2, etc.) are in an uncharged 

state, making them more adsorbable. Also, at low pH, the 

zeta potential of humic acid remained negative, favoring the 

adsorption of humic acid onto protonated surfaces by ligand 

exchange [20, 45]. Ligand exchange favors interactions, 

hence the high adsorption rate. 

On the other hand, in a basic environment, the decrease in 

adsorption rates observed is justified by the fact that the 

surface charge of the shale is negative, which limits interac-

tions with humic acid functional groups [46]. 

Figure 6D shows the effect of initial humic acid concen-

tration in the leachate on the adsorption capacity of the shale. 

The higher the initial humic acid concentration, the greater the 

quantity of functional groups adsorbed, offering more binding 

sites. This result is supported by those of Zhang et al. [47], 

who showed that the adsorption of fulvic acid and humic acid 

on smectite and vermiculite increased with increasing ionic 

strength. The adsorption capacity of humic acid from leachate 

by shale is strongly related to the increase in driving force and 

concentration gradient [23, 41, 48]. 

Contrary to these results, the Studies by Achour and 

Seghairi [49] on the adsorption of synthetic humic substances 

on bentonite showed that bentonites have variable efficiency 

linked to the concentration gradient. Indeed, yields decreased 

from 55.55 to 24.85 % with the contents of humic substances 

from 5 to 15 mg/L and the masses of bentonite introduced 

from 50 to 1600 mg. 

Indeed, the effectiveness of clays depends on their miner-

alogy, their specific surface area and their high cation ex-

change capacity. These determine the extent of the soil reac-

tivity surface with humic substances [17]. 

The work of Gueu [50] on the elimination of humic acids 

present in water by adsorption and/or photocatalysis from 

three raw clays which come from Dabou, Yamoussoukro 

and Katiola in Ivory Coast, revealed that the clay richest in 

kaolinite (that of Yamoussoukro) has a much higher 

maximum adsorption capacity (115 mg/g) compared to the 

others. (20 and 15 mg/g for Dabou and Katiola respec-

tively). 

The experimental data obtained as a function of time were 

analyzed using pseudo-first-order and pseudo-second-order 

kinetic models. 

These values obtained show that the pseudo-second-order 

model better describes the kinetics of humic acid adsorption 

from leachates by shales. Consequently, this model could be 

used for the adsorption process of humic acid from leachates. 

Also, chemisorption could be the dominant mechanism in 

humic acid adsorption on shale [23, 51, 52]. 

The application of the intra-particle diffusion model to 

experimental data at different initial humic acid concentra-

tions in the leachates, illustrates that whatever the humic acid 

concentration, the curves show two phases, a linear first phase 

and a plateau-shaped second. This would indicate that the 
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adsorption process takes place on the surface and by in-

tra-particle diffusion through the micropores [23]. 

The second stage was intraparticle diffusion, which slowed 

down and reached equilibrium. Also, the values of the corre-

lation coefficients (R) tend towards 1. However, the fact that 

the straight lines obtained do not pass through the origin, 

reveals that the process of sorption of humic acid by shale 

occurs diffusion in the pores but, is not the only limiting 

mechanism of sorption kinetics [23, 43, 48]. 

5. Conclusions 

In order to carry out a study of humic acid batch adsorption 

treatment of leachate from slate shales in Côte d'Ivoire, DRX 

and Infrared mineralogical characterization of the shale was 

carried out prior to treatment, to determine its physi-

co-chemical nature. The results of this analysis revealed the 

presence of a number of minerals, including Muscovite 

(KAl2Si3AlO10(OH)2), Chlorite (Mg6Si4O10(OH)8), Albite 

(Na(AlSi3O8)), Kaolinite ((Si2O5Al2(OH)4), Dolomite 

(CaMg(CO3)2) and Quartz (SiO2). 

The presence of these mineral phases could be conducive to 

interactions with the molecular functions of humic acids. 

With regard to the actual treatment of humic acid in leach-

ate by batch adsorption using slate from Côte d'Ivoire, the 

study showed that the optimum concentration of slate to use 

corresponds to 30 g/L for a concentration of 15 mg/L of humic 

acid. Regarding the influence of stirring time, equilibrium was 

reached after 60 minutes, with a maximum adsorption rate of 

92 %. Concerning the effect of pH on the adsorption of humic 

acids on slate shale, the results showed that, in general, the 

evolution of adsorption rates was inversely proportional to the 

increase in pH. 

Significant yields were obtained at pH values between 

3.5 and 5.5. Relative results on the influence of initial 

humic acid concentration showed an increase in HA ad-

sorption yield with increasing initial concentration up to 

100 mg/L. 

Modelling of the data showed that the pseudo-second-order 

model best describes the adsorption of humic acid on shale, 

hence the existence of chemisorption. This study is accom-

panied by intra-particle diffusion and thus the contribution of 

active sites within the pores. 

This study allowed us to understand through these adsorp-

tion tests that slate can be used for the treatment of leachate 

from household waste landfills in general and humic acids in 

particular. 
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