


Comparative study of arsenic removal in the presence of lead and cadmium using a sodium-treated, iron-bridged clay

Abstract
Contamination of environmental matrices by trace metals is mainly due to human activities. One of the chemical species released into the environment and hazardous to living organisms is arsenic. The aim of the present work is to study the elimination of arsenic in the presence of lead and cadmium using a sodium-treated, iron-bridged Ivory Coast clay. To achieve this goal, the fine fraction of a smectite-rich clay from Katiola in Côte d'Ivoire was extracted and treated with sodium (KAT-Na). In addition, this sodium-treated clay was iron-bridged (KAT-Na-Fex(OH)y). Samples were analyzed by XPS. KAT-Na and KAT-Na-Fex(OH)y clays were used to adsorb arsenic in aqueous solution. The method used was that of closed reactors. Arsenic was determined by ICP-AES.
For an initial concentration ranging from 0 to 20 ppm, arsenic removal on KAT-Na clay reached 73.64%. In contrast, bridging the clay with iron significantly improved the arsenic removal rate, reaching 91.75%. The adsorption isotherms plotted indicate that arsenic removal on KAT-Na is best represented by the Langmuir model. Whereas Freundlich linearization better describes arsenic adsorption on KAT-Na-Fex(OH)y clay. The presence of metal cations (Cd and Pb) did not prevent good arsenic removal.
Keywords : Clay, bridged clay, smectite, adsorption, arsenic
1. INTRODUCTION
In recent decades, environmental pollution by trace metals has become a major concern for the scientific community (Nesta et al., 2015 ; Vodela et al., 1997). Effluents from human activities are the main sources of environmental pollution (Ouattara et al., 2022). Polluting substances can accumulate along the food chain and concentrate in environmental matrices and in certain organs of the human body. Côte d'Ivoire is no stranger to pollution caused by human activities. Several Ivory Coast rivers, such as the Cavally in the west, Bandama and N'zi in the center and Bia in the east, are polluted by trace metals. Studies have revealed concentrations of arsenic, cadmium, mercury, nickel and lead well in excess of WHO limits in sediments, drinking water and irrigation water in the sub-prefecture of Hiré and in Aboisso (Kinimo et al., 2018 ; Yapi et al., 2014). People living in these regions and surrounding areas mainly use contaminated water for their various needs. These pollutants are highly toxic and have a detrimental effect on human and animal health, as well as on plant growth (Harmandon, 2004 ; Koller et al., 2013). It is therefore essential to eliminate these toxic elements from the various effluents, or to reduce their quantity below the admissible thresholds defined by the standards. 
In response to increasingly stringent regulations, industries are required to treat their effluents before discharging them into the natural environment. On the other hand, scientific researchers are interested in eliminating pollutants likely to cause serious disorders in both animals and humans. As the various studies on water decontamination by adsorption on clays have given satisfactory results, the valorization of the clay raw materials available in Côte d'Ivoire presents itself as the best alternative to respond to the problem of water contamination (Ouakouak and Youcef, 2016 ; Mockovčiaková et al., 2010 ; Mimanne et al., 2014).
To optimize effluent decontamination, many researchers have turned to clays intercalated with organic or inorganic compounds, also known as “bridged clays”. Researchers have discovered that these bridged clays have unique properties that make them ideal for depolluting contaminated solutions (Bouras, 2003).
Our previous study revealed that in the presence of lead and cadmium in aqueous solution, Katiola raw clay removed 59.04% of arsenic. In addition, the magnesium-treated and sodium-treated samples adsorbed 72.53% and 73.64% arsenic respectively (Kouadio et al., 2024). As arsenic removal is not complete, we plan to improve the adsorbent properties of the clay to increase arsenic removal.
Following on from the above, the general aim of this work is to study the removal of arsenic in the presence of lead and cadmium using a sodium-treated, iron-bridged clay.
2. MATERIALS AND METHODS
2.1. Clay material
The raw clay (Fig. 1) used in this study in this study comes from the town of Katiola (northern Côte d'Ivoire) at 8°08' north latitude and 5°06' west longitude. The main characteristics of the raw clay (KAT) are listed in Table1 (mineralogical composition, specific surface area and cation exchange capacity) below.
Table 1. Mineralogical composition and physicochemical properties of KAT clay ( Kouadio et al., 2022)
	Sample

	% Kaolinite
	% Illite
	% Smectite
	% Quartz
	% Goethite
	CEC (méq/100g)
	SBET (m2/g)

	KAT
	48.08
	3.55
	20.14
	6.11
	16.86
	35.47
	48.5
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Fig1. Image of KAT clay sample
2.2. Extraction of fine clay fraction and sodium treatment
Extraction of the fine clay fraction relies on granulometric separation techniques based on sedimentation (Robert and Tessier, 1974). The process involved dispersing 20 g of finely ground clay, sieved to 63 µm, in one liter of distilled water. To stabilize the suspension, the pH was gradually raised to 8.5 by the careful addition of a normal solution of sodium hydroxide (1 M), followed by thorough stirring with a magnetic stirrer for 4 hours. The clay suspension is left to settle for 16 hours to separate the different particle size fractions. After the coarse particles have settled to the bottom, 15 cm of the clay fraction (supernatant) collected by siphoning and placed in a 2 L beaker is added to a normal solution of hydrochloric acid to obtain a pH of around 5. The clay is then made sodium homoionic by 2 successive treatments with sodium chloride. To achieve this, 100 mL of sodium chloride solution (1M) is added to the clay fraction. This operation allows complete flocculation of the clay a few hours later. The supernatant is then siphoned off. The clay is washed several times with distilled water, removing the chloride ion by centrifugal separation, until the rinse water test is negative for silver nitrate (removal of excess salt). Finally, the sample was collected and oven-dried at 40°C. This treatment yielded a fine fraction of sodium-saturated clay: KAT-Na. Figure 2 shows the KAT-Na clay.
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Fig. 2. Image of KAT-Na clay sample
2.3. Preparation of iron-bridged clay
2.3.1. Preparation of iron-bridge solution
The procedure involved slowly titrating 40 mL FeCl3.6H2O (0.43M) with 46 mL NaOH solution (0.75M), with stirring, so that the ratio of OH-/Fe3+ = 2. The final solution contains 0.2M iron. The mixture is left to stand in the dark for 48 h (Haffane et al., 2016). The bridging solution is referenced Fex(OH)y. 
[bookmark: _Hlk167270113]2.3.2. Clay bridging
[bookmark: _Hlk167270257]The fine fraction of Katiola clay obtained by NaCl treatment (KAT-Na) was intercalated with iron polycation. The clay was bridged by adding the bridging solution (Fex(OH)y) drop by drop to a clay suspension (0.5% w/v concentration) under constant agitation. The clay suspension consists of 2.45g clay in 490 mL water. The Fe/clay ratio is 7 mmol.g-1. This ratio was chosen as it appears to give satisfactory results in the literature (Khalaf et al.,1997 ; Lenoble, 2003). At the end of titration, the clays were left in contact with the metal polycation for 24 hours, to ensure proper insertion. After three washes with milliQ water (until the rinse water test was negative for AgNO3), the intercalated clays were recovered, oven-dried at 70°C and then calcined at 450°C for 4 hours. The material synthesized is referenced KAT-Na-Fex(OH)y and is shown in Figure 3.
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Fig. 3. Image of KAT-Na-Fex(OH)y clay sample
2.4. Analysis of clays by XPS - X-ray Photoelectron Spectroscopy
The instrument used was an Escalab 250 Xi ThermoFisher sectrometer. The experiments were carried out on three clay samples: Katiola raw clay (KAT), sodium-treated clay (KAT-Na) and iron-bridged clay (KAT-Na-Fex(OH)y).
The powdered sample was fixed on an adhesive support and then introduced into the analysis chamber. An aluminum monochromatic X-ray source (Al Kα) with an energy of 1486.6 eV and a power of 162 watts was used.
Survey spectra were recorded in a range from 1350 to 0 eV, with a passage energy of 140 eV. High-resolution spectra were recorded in the regions of the elements identified in the survey spectra, with a pass energy of 30 eV. The ThermoFisher charge compensation system was used. Spectra were calibrated for binding energy using the C 1s (C-C, C-H) photoemission peak at 284.8 eV. High-resolution spectra were recorded for the photoemission peaks Fe 2p3/2,1/2, K 2p3/2,1/2, O 1s, C 1s, Cl 2p3/2,1/2, Si 2p3/2,1/2 and Al 2p3/2,1/2.
2.5. Preparation of adsorbate solutions
Three 1000 mg/L adsorbate stock solutions of Cd, Pb and As were prepared by dissolving 0.277g Cd(NO3)2.4H2O (purity ≥ 99%) ; 0.162g Pb(NO3)2 (purity = 98.5% ) and 0.425g Na2HAsO4.7H2O (purity ≥ 98%) in 100 mL MilliQ water, respectively. Polymetallic solutions (containing both Cd, As and Pb) at 5 ; 10 ; 15 and 20 ppm were prepared by dilution of the stock solutions. The ionic strength of each solution was maintained at 0.1M NaNO3.
[bookmark: _Hlk167280276]2.6. Adsorption reactions
0.1g of clay was brought into contact with 10 mL of a polymetallic solution in a polypropylene tube. The clay/solution mixture was stirred for 90 min at room temperature. After stirring, the mixture was centrifuged at 5000 rpm for 30 min. The supernatant was collected and filtered at 0.45 µm for ICP arsenic determination. Each assay was performed in duplicate. The effect of initial concentration on adsorption was evaluated (from 0 to 20 ppm). The efficiency of the adsorption process was defined by calculating the adsorption capacity (Qads) and the arsenic removal efficiency (R) according to equations 1 and 2 below (Achour and Youcef, 2003) :
                                                            Qads =   	(1)
	R (%) =    	(2)
C0 : Initial pollutant concentration (mg/L or mol/L)
Ct : Pollutant concentration at time t in liquid phase (mg/L or mol/L) 
V : Volume of solution (L)
m : adsorbent mass (g or kg)
3. Results and discussion
3.1. Surface chemical analysis of clays and chemical status of the element Fe
The results of the atomic concentrations (%) of the elements present on the surface of the samples and the binding energies of the photoemission peaks (eV) recorded are presented in Table 2. High-resolution spectra of the Fe 2p3/2,1/2 region of the KAT, KAT-Na and KAT-Na-Fex(OH)y samples are shown in Figure 4.
Table 2. Atomic element concentrations (%) and binding energies (eV) for KAT, KAT-Na and KAT-Na-Fex(OH)y samples
	Element
	KAT
	KAT-Na
	KAT-Na-Fex(OH)y

	Photoemission Peak
	Binding Energy(eV)
	%Atomic
	Binding Energy(eV)
	%Atomic
	Binding Energy(eV)
	%Atomic

	Al 2p Clay
	74.4
	10.1
	74.4
	10.4
	74.7
	10.1

	Si 2p Clay
	102.6
	15.5
	102.7
	16.4
	102.7
	15.7

	O 1s (1) Felattice
	529.8
	1.6
	529.6
	0.5
	530.0
	7.7

	O 1s (2) 
Clay, carbon, 
Fe*
	531.9
	53.3
	532.0
	54.6
	532.0
	48.7

	O 1s (3)  
Clay, H2O
	534.0
	2.9
	534.0
	2.2
	-
	-

	C 1s (1) 
(C-C, C-H)
	284.8
	8.7
	284.8
	7.4
	284.8
	8.4

	C 1s (2) 
(C-OH, C-O-C)
	286.3
	2.1
	286.3
	1.8
	286.3
	1.9

	C 1s (3)  
(O-C=O)
	289.0
	0.8
	289.0
	0.8
	288.8
	0.9

	K 2p3/2
	293.1
	0.1
	293.3
	0.1
	293.1
	0.1

	K 2p1/2
	296.2
	
	296.1
	
	296.2
	

	Cl 2p3/2
	199.1
	0.2
	198.4
	0.4
	-
-
	-

	Cl 2p1/2
	
	
	200.1
	
	
	

	Fe 2p3/2 
	712.0
	3.4

Fe3O4
	712.4
	3.0

Fe3O4
	710.9
	5.4

Fe(III)

	satelite 1
	721.4
	
	722.1
	
	719.2
	

	Fe 2p1/2 
	725.7
	
	726.1
	
	724.3
	

	satelite 2
	735.0
	
	735.5
	
	733.0
	

	Mg 1s
	1306.9
	0.7
	1306.8
	0.4
	1306.6
	0.4

	N 1s
	401.0
	0.7
	400.8
	0.4
	401.2
	0.7

	Na 1s (1)
	-
	-
	1072.7
	0.4
	-
	-

	Na 1s (2)
	-
	-
	1074.8
	0.5
	-
	-

	Na 1s (3)
	-
	-
	1076.6
	1.0
	-
	-

	Total
	
	100.0
	
	100.0
	
	100.0


O1s (2):  Fe* : Hydroxide, Hydrated or defective oxide
For all the samples studied, oxygen (O), silicon (Si) and aluminum (Al) are the major elements, with iron (Fe) associated with them. The surface of the KAT and KAT-Na samples contains 3.4 and 3.0% Fe respectively. In contrast, the surface of the iron-bridged sample (KAT-Na-Fex(OH)y) contains 5.4% Fe.
The results clearly indicate the silico-aluminous nature of the 3 samples and confirm that they are clays.
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Fig. 4. High-resolution spectra of the Fe 2p3/2,1/2 regions of the 3 samples and classical references of Fe (0), Fe2+/Fe3+ (Fe3O4) and Fe3+ (Fe2O3) (Alraddadi, 2021)
Iron is already present in the Kat and Kat-Na clays. The increase in Fe content in the KAT-Na-Fex(OH)y sample confirms that this clay has been treated with iron. In all three samples, iron is in +2 and +3 oxidation states (Fe3O4 type). Compared with the Kat and Kat-Na samples, the presence of Fe3+ is greater in the KAT-Na-Fex(OH)y clay (Fe2O3 and/or Fe hydroxides). The observation of an individualized satelite at 719 eV supports this assertion. This result justifies that the KAT-Na clay was treated with FeCl3.6H2O to obtain KAT-Na-Fex(OH)y. The presence of water is identified in Kat and Kat-Na (2.9 and 2.2% respectively) but not in KAT-Na-Fex(OH)y. Moreover, Na, which was only observed in KAT-Na, is no longer present after iron treatment. All these remarks suggest that the treatment of KAT-Na (iron bridging) brought Fe3+ ions that substituted for Na+ ions and associated water molecules into the interfoliar space of the clay.
3.2. Adsorption of arsenic in the presence of lead and cadmium (As/(Cd+Pb))
Tables 3 and 4 and Figure 5 show the results of arsenic adsorption on KAT-Na and KAT-Na-Fex(OH)y clays. In order to describe arsenic removal in the presence of lead and cadmium, adsorption isotherms have been represented (Figure 6).
Table 3. Adsorption of arsenic in the presence of Pb and Cd on KAT-Na clay
	KAT-Na

	Ci(mg/L)
	5
	10
	15
	20

	Ce(mg/L)
	1.67 ± 0.04
	4.57 ± 0.02
	8.95 ± 0.02
	14.35 ± 0.2

	Qads(mg/g)
	0.33 ± 0.0
	0.54 ± 0.0
	0.62 ± 0.0
	0.60 ± 0.02

	R(%)
	73.64 ± 0.8
	61.32 ± 0.2
	58.18 ± 0.2
	42.22 ± 1.5


Table 4. Adsorption of arsenic in the presence of Pb and Cd on KAT-Na-Fex(OH)y clay
	KAT-Na-Fex(OH)y

	Ci(mg/L)
	5
	10
	15
	20

	Ce(mg/L)
	0.41 ± 0.01
	1.97 ± 0.00
	3.41 ± 0.10
	5.84 ± 0.00

	Qads(mg/g)
	0.46 ± 0.00
	0.79 ± 0.01
	1.13 ± 0.00
	1.37 ± 0.00

	R (%)
	91.75 ± 0.23
	80.34 ± 0.01
	77.27 ± 0.65
	70.79 ± 0.02
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[bookmark: _Toc101957458]Fig. 6. Adsorption isotherms for As on KAT-Na and KAT-Na-Fex(OH)y

Fig. 5. Influence of initial concentration on As adsorption in the presence of Pb and Cd

The results clearly show that arsenic adsorption on KAT-Na and KAT-Na-Fex(OH)y clays is influenced by the variation in initial concentration (5 to 20 ppm).
For an initial arsenic concentration ranging from 5 to 20 ppm, the adsorption capacity of KAT-Na clay varies from 0.33 to 0.62 mg/g. The adsorption capacity of the bridged clay KAT-Na-Fex(OH)y ranges from 0.46 to 1.37 mg/g. Arsenic removal in the presence of lead and cadmium reached 73.64% and 91.75% on KAT-Na and KAT-Na-Fex(OH)y clays respectively.
Two key points are worth noting :
- The adsorption capacity of both clays increases with initial concentration. The KAT-Na clay reaches a pseudo-peak between 15 and 20 ppm. On the other hand, the KAT-Na-Fex(OH)y clay barely begins to plateau;
- Bridged clay (KAT-Na-Fex(OH)y) has a much higher adsorption capacity than sodic clay (KAT-Na).
The increase in adsorption capacity as a function of initial arsenic concentration is in line with several studies (Coles and Yong, 2002 ; Uzunkavak and Özdemir, 2019). The increase in concentration gradient and driving force with increasing initial content could explain this observation. Indeed, an increase in initial concentration exposes more ions to each unit mass of adsorbent. This increase in initial concentration also intensifies the interaction between the adsorbate and the adsorbent (El-Wakil et al., 2014 ; Bhattacharyya and Gupta, 2007). Consequently, the quantity adsorbed per unit mass of clay increases.
The pseudo-bearing obtained from 15 ppm onwards suggests that the surface of the KAT-Na adsorbent is saturated. Thus, above this concentration, there is no further adsorption. However, for the KAT-Na-Fex(OH)y clay, the increase in adsorption capacity above 15 and 20 ppm shows that the adsorbent surface is not yet saturated. There are still several active sites on the KAT-Na-Fex(OH)y clay surface capable of adsorbing arsenic. This observation suggests that the nature of the surface of the bridged clay is different from that of the sodic clay.
The high adsorption capacity of iron-bridged clay (KAT-Na-Fex(OH)y) compared with sodium-treated clay (KAT-Na) is linked to the presence of iron polycations in the clay's interfoliar space. In fact, iron bridging in clay gives this material high stability, a well-developed microporous surface and high acidity. In addition, it also allows the sheets to spread apart, creating a larger interfoliar space and thus favoring adsorption (Bouras, 2003). Several studies have shown that the presence of iron on the surface of clays in principle favours arsenic retention (Goldberg and Johnston, 2001). Mohapatra et al., asserted that the presence of iron in oxide form on the clay surface can improve its arsenic adsorption capacity (Mohapatra et al., 2007). In their study of arsenic adsorption on pillar clays and iron oxides, Lenoble et al. stated that iron pillar clay appears to be a good matrix for arsenic removal in water treatment (Lenoble et al., 2002). The shapes of the adsorption isotherms are in line with observations made on the evolution of adsorption capacity as a function of initial arsenic concentration. Based on the classification established by Giles and his collaborators (Giles et al., 1974), the adsorption isotherms in this study correspond to type L. This type of isotherm indicates that adsorption takes place on microporous adsorbents, with gradual saturation of the active sites (Limousin et al., 2007).
3.3. Modeling adsorption isotherms
In order to qualify and quantify arsenic removal, Langmuir (Fig. 7) and Freundlich (Fig. 8) mathematical models were applied to the adsorption isotherms. The Langmuir and Freundlich linearization equations are respectively :  and , where  is the Langmuir constant ; is the maximum adsorption capacity and  and  are Freundlich constants. The parameters KL ; Qmax ; n ; Kf and R2 were determined and reported in Table 5. In addition, the values of the separation factor RL characteristic of the Langmuir model and defined by the equation :  are presented in Table 6.
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[bookmark: _Toc101957459]Fig. 8. Application of the Freundlich model to As adsorption on clay KAT-Na and KAT-Na-Fex(OH)y
[bookmark: _Toc101957460]Fig. 7. Application of the Langmuir model to As adsorption on clay KAT-Na and KAT-Na-Fex(OH)y


Table 5. Langmuir and Freundlich parameters
	

	Langmuir isotherm
	Freundlich Isotherm

	
	Qmax
	KL
	R2
	n
	Kf
	R2

	KAT-Na
	0.67
	0.759
	0.9925
	3.44
	0.3075
	0.8592

	KAT-Na-Fex(OH)y
	1.69
	0.626
	0.9562
	2.41
	0.6491
	0.9853


Table 6. Separation factors for As adsorption on clay KAT-Na and KAT-Na-Fex(OH)y
	[As]i
	RL, KAT-Na
	RL, KAT-Na-Fex(OH)y

	5
	0.21
	0.24

	10
	0.12
	0.14

	15
	0.08
	0.10

	20
	0.06
	0.07


Arsenic adsorption on KAT-Na clay correlates better with the Langmuir model (R2 = 0.9925) than with the Freundlich model (R2 = 0.8592). The maximum adsorption capacity (Qmax) of KAT-Na clay obtained by the Langmuir model is 0.67 mg/g. As for adsorption on the bridged clay KAT-Na-Fex(OH)y, application of the Freundlich model is the most suitable (R2 = 0.9853). According to the Langmuir model, the maximum adsorption capacity (Qmax) of the KAT-Na-Fex(OH)y clay is 1.69 mg/g.
The higher Qmax of KAT-Na-Fex(OH)y than KAT-Na confirms that the bridged clay has a better adsorption capacity. The good fit of the Langmuir model to adsorption on KAT-Na clay suggests that the number of active sites likely to adsorb arsenic is limited and that the surface of this clay is homogeneous (Adie et al., 2010). On the other hand, adsorption on KAT-Na-Fex(OH)y clay, in accordance with the Freundlich model, assumes that arsenic binding takes place on a heterogeneous surface and that the number of adsorption sites is unlimited (Fayoud et al., 2015).
The values of n and RL lie respectively in the intervals ]1 ; 10[ and ]0 ; 1[. These results suggest that the adsorption of arsenic in the presence of lead and cadmium on KAT-Na and KAT-Na-Fex(OH)y clays is favorable (El-Wakil et al., 2014 ; Kamal et al., 2010).
4. Conclusion
The aim of the present study was to compare the effectiveness of a sodium-treated (KAT-Na) and iron-bridged (KAT-Na-Fex(OH)y) Ivory Coast clay in removing arsenic in the presence of lead and cadmium in aqueous media.
Initially, a clay intercalated with iron polycations was synthesized from a sodium-treated clay. Raw (KAT), sodium-treated (KAT-Na) and iron-bridged (KAT-Na-Fex(OH)y) samples were analyzed by XPS to assess their surface chemical composition and iron oxidation state.
Arsenic removal was then carried out by adsorption using 0.1g of clay in 10 mL of solution. The pH of the solutions was set at 7 and 90 min of adsorbent/adsorbent stirring time. The effect of initial concentration (from 5 to 20 ppm) on adsorption was studied.
This work shows that iron bridging of the KAT-Na clay increased the iron content. In addition, this treatment introduced Fe³⁺ ions that replaced Na⁺ ions and associated water molecules in the interfoliar space of the clay. The two clay materials KAT-Na and KAT-Na-Fex(OH)y adsorb arsenic well, with removal percentages reaching 73.64 and 91.75% respectively. However, it should be noted that bridging the clay with iron significantly improved the adsorption percentage.
Plotting the adsorption isotherms indicated that the Langmuir model perfectly represents the adsorption of arsenic on KAT-Na clay. Arsenic removal from KAT-Na-Fex(OH)y clay is best described by the Freundlich model.
In the light of the results obtained, the iron-bridged clay KAT-Na-Fex(OH)y has an excellent capacity to remove arsenic in aqueous solution.
This research aims to contribute to the treatment of water to improve the health of living beings, using iron-bridged Katiola clay as an adsorbent.
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