
Comparative analysis of Mukurweini Raw Kaolinite and Alkali Modified Kaolinite as solid adsorbents for removal of nitrate () and phosphate () from aqueous solutions: Effect of pH, adsorbent dosage, adsorbate concentration and contact equilibrium time

Abstract
Kenya is facing severe water scarcity and pollution challenges driven by population growth, climate change, poor infrastructure, and agricultural runoff, and highlights adsorption—particularly using modified kaolinite—as a low-cost and effective method for treating contaminated agricultural wastewater. The present study investigated the adsorptive properties of Mukurweini raw and alkali modified kaolinite (AKM) for the removal of nitrate and phosphate from aqueous solutions. Two samples of Mukurweini raw ceramic clay each weighing 3 kg was obtained from the Kimathe valley by excavation at a depth of 1 meter using a shovel (grid method). The raw samples were separately calcined at t=700°C in a furnace for 2 hours to promote dehydroxylation reactions within the clay material. One sample of the calcined clay was converted to Alkali Modified Kaolinite by weighing out 50 g of the freshly calcined brown clay material and subsequently modifying using NaOH (v=50 mL; c= 7 mol. L-1) in an orbital shaker under agitation for 30 minutes at a temperature of 60°C to obtain a homogenous paste. 
Additionally, samples of calcined raw and alkali modified kaolinite samples were separately placed into a pressure cooker, heated for 3 hours, washed with ethanol, oven-dried at 110°C for 1 hour, and finally activated in a muffle furnace at 700°C for 2 hours. Batch adsorption experiments were designed to evaluate the optimum adsorption parameters i.e. pH, adsorbent dosage, adsorbate concentration and contact time achieved at equilibrium and determine the most efficient clay type i.e. raw and alkali modified kaolinite. Adsorptive efficiencies were determined using laboratory spiked solutions (c=10, 20,50&100 ppm) diluted from a stock solution c=1000 ppm. The average results show 99.2% removal of nitrate () and phosphate () from aqueous solutions. The results show Alkali-Modified Kaolinite (AKM) as effective adsorbent compared to raw kaolinite. Alkali-Modified Kaolinite (AKM)  
adsorbed 99.2 %  and from aqueous solutions. Raw kaolinite shows negligible adsorptive capacity for  and 95.7% removal efficiency for. Optimum adsorption parameters were determined; [(pH= 7-; pH=10 -phosphates); (adsorbent dosage= 0.1 g – nitrates/phosphates); (adsorbate concentration of 10 ppm nitrate/phosphates) ;( adsorbate-adsorbent contact equilibrium time= 10 mins – nitrates/phosphates)]. The results show potential application for Mukurweini clay in removal of  and from aqueous solutions.
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1. Introduction
Water resources scarcity and contamination
With a population of 56 million, 19 million Kenyans lack access to basic water and 36 million are unable to access to access adequate sanitation [1]. Growing water demand and water scarcity have turned into a notable challenge in Kenya. Climate change, population growth, urbanization, water pollution, and poor management of water resources have aggravated the issue of the water crisis, which affects economic activities, food security, education, and health [2]. These challenges are especially evident in rural areas and urban slums where people are often unable to connect to piped municipal water infrastructure. This lack of access to safe, clean, and reliable sources of fresh water, is due to physical scarcity, such as in a drought, climate change and agricultural activities among others reasons [3]. In many African countries, access to clean water is limited due to arid climate, poor infrastructure. In addition, climate change is exacerbating the problem, leading to more frequent and intense droughts, floods, and other extreme weather events[4]. This has caused water shortages, leading to increased water scarcity and further exacerbating the water stress situation in Africa.

Water pollution from Agricultural Activities 
Agricultural pollutants are substances that are released into the environment as a result of agricultural practices. These pollutants can come from a variety of sources, including fertilizers, pesticides, animal waste, and soil erosion [3]. These pollutants can have a negative impact on the environment, and can contribute to water scarcity in a number of ways. Firstly, they can contaminate water sources, making them unsuitable for drinking or other uses. Secondly, they can reduce the amount of water available by increasing the rate of evaporation. They can increase the rate of soil erosion, which can lead to increased sedimentation in rivers and streams, reducing the amount of usable water [5]. These factors contribute to water scarcity, and it is important for agricultural practices to be managed in a way that minimizes the release of pollutants into the environment.

Adsorption as a potential remediation process for agricultural waste water
Adsorption is the process by which molecules, ions, or atoms from a gas, liquid, or dissolved solid are attracted and held on the surface of a solid or a liquid[6 &7]. This process takes place through either chemical or physical bonding, and it is a surface phenomenon, meaning it only occurs at the interface between the two substances [8]. Adsorption is an important process used for water treatment. It is used to remove contaminants from water, such as bacteria, viruses, and other dissolved solids [9 &10]. The process works by using a material, such as activated carbon, to attract and bind the contaminants to its surface. The adsorption process is much more efficient than filtration, as it can remove particles that are too small to be filtered out. Additionally, adsorption is a relatively inexpensive process, making it an attractive option for water treatment [11,12,13 &14].

Kaolinite as a potential adsorbent
Kaolinite is a low-cost option for water treatment and has been used to remove a wide range of contaminants, including heavy metals, organic pollutants, and radioactive particles. Alkali modified kaolinite (AKM) is a type of kaolinite that has been modified with a prescribed alkali that is more effective at removing organic pollutants, heavy metals, and radioactive particles. This modification process increases the surface area of the material, improving its adsorption properties. Alkali modified kaolinite has been found to be more effective than raw kaolinite at removing organic pollutants, heavy metals, and radioactive particles [15]. Additionally, the alkali modification process lowers the cost of water treatment by decreasing the amount of material needed for adsorption [16,17&18]. 

Objective
The current study aimed to evaluate and compare the adsorptive capacities of raw kaolinite and Alkali modified Kaolinite for removal of nitrates and phosphates from aqueous solutions.

Materials and Methods
Materials

[bookmark: _Toc144815733][bookmark: _Toc144840298]Sample Collection and preparation
Raw clay materials were obtained by excavation using shovels, spades, a hoe, and trowels from Kimathe valley in Mukurweini. The sampling method followed the grid method of sampling clay-heavy soils that required excavation of earthily raw clay material from a depth of 1 meter below the surface of the earth’s crust. The obtained solid samples were loaded into (15) zip lock bags using a hand trowel and transported to the Department of Chemistry, university of Nairobi for subsequent processing to kaolinite and Alkali Modified Kaolinite (AMK).

[bookmark: _Toc129707528][bookmark: _Toc144815734][bookmark: _Toc144840299]Sampling Site
The raw clay samples were obtained from the Kimathe Valley located in Mukurweini as shown in Figure 1.
[image: ]
Figure 1. Map of Mukurweini (Kimathe valley) -(coordinates: longitude - 37ᶱ 9’ 43.8’’; latitude- 0ᶱ 37’ 55.9’’).
[bookmark: _Toc144815742][bookmark: _Toc144840307]Preparation of solid kaolinite adsorbent
The activated clay was divided into three portions, with each portion treated using NaOH (V=50 mL;c=7  mols.L-1) under mild agitation using a mechanical shaker for t=30 minutes at 60°C to achieve obtain a homogenous paste. The mixtures were loaded into in a pressurized cooker, heated for 3 hours, washed with ethanol, oven-dried at 110°C for 1 hour, and activated in a muffle furnace at 700°C for 2 hours according to the procedure as described by Georgieva et al.,[19].

[bookmark: _Toc144815744][bookmark: _Toc144840309]Hydrothermal synthesis of kaolinite from clay mineral
The hydrothermal synthesis process comprised three distinct steps: the thermal activation of the clay mineral, the reaction of the thermally activated clay mineral with an alkali solution, and the purification of the formed kaolinite [19].

[bookmark: _Toc144840310]Thermal activation of the clay mineral
The clay mineral underwent isothermal heating in separate batches of 500 g each, for 2 hours, at 700°C to initiate the dehydroxylation process, a pivotal step in activating the clay mineral and an essential prerequisite in the synthesis of kaolinite [20]. 

[bookmark: _Toc144840311]Hydrothermal treatment of the activated clay mineral using sodium hydroxide alkali
The activated clay was treated using NaOH solution, v=50 mL, while being agitated using a mechanical shaker for 30 minutes at 60°C to achieve a homogenous paste.  Subsequently, these mixtures were placed in a pressurized cooker, heated for 3 hours, washed with ethanol, oven-dried at 110°C for 1 hour, and activated in a muffle furnace at 700°C for 2 hours [19]. 

[image: ]     [image: ]     [image: ]                     
[bookmark: _Toc144752680][bookmark: _Toc144752681][bookmark: _Toc144752682]Figure 2: raw clay mineral                Figure 3: calcined clay mineral    Figure 4: Kaolinite

From figure 2, raw clay mineral is depicted with its characteristic unique grey colour. After calcination at 700°C, figure 3, shows a significant colour shift from grey to a pale red. The colour change resulted from the elimination of water molecules, structural adjustments, and the oxidation of iron impurities—an expected outcome of thermal treatment [21&22]. From figure 4, we observe colour change to blue as a result of hydrothermal treatment.

Preparation of nitrate and phosphate adsorbate stock solution solutions
A range of adsorbate concentrations containing nitrate and phosphate from 1000 ppm was prepared. To prepare the 1000 ppm stock solution, the formula in equation (1) was used which required dividing the salt's molecular weight by the molecular weight of the ions dissolved in 1000 mL of distilled water. Subsequently, these stock solutions underwent dilution to achieve various concentrations required for the adsorption studies, utilizing the well-established dilution formula shown in equation (1):-

C1V1 = C2V2                                                                                          	                Equation (1)

To prepare 10 ppm solutions derived from a 1000 ppm stock solution, 10 mL of the 1000 ppm stock solution was transferred into a 1000 mL conical flask. The flask was then carefully filled to the mark with distilled water to achieve the desired concentration

Preparation of nitrates and phosphate adsorbate solutions
The reagents were first prepared by dissolving 30g of sodium chloride into 100 mL of distilled water (30% NaCl solution). A 4:1 ratio of sulfuric acid and distilled water was used, with 50 mL of concentrated sulfuric acid added to 12.5 mL of distilled water upto the mark and stoppered. The solution was then stoppered. A Brucine-sulfanilic acid solution was then prepared in a 100 mL conical flask using 1g of brucine sulphate, 0.1g of sulfanilic acid, and 3 mL of concentrated hydrochloride acid. Standard solutions were also prepared alongside the sample solutions. The samples and/or the nitrate standard solution were first measured accurately using a 10 mL pipette in the range of 1 to 5 mL, followed by 10 ml of distilled water, and then 10 mL of sulfuric acid was added while agitating and cooling in tap water. 0.5 mL of Brucine-Sulfanilic acid solution was added while swirling the conical flask. Nitrate solution was prepared following the Brucine method outlined in Gordon et al., [23] and phosphate solution prepared according to the procedure in Ganesh et al., [24].

Batch Adsorption studies
[bookmark: _Toc144815753][bookmark: _Toc144840320]Nitrates
In the nitrate batch adsorption study, a UV-VIS Spectrophotometer was utilized, following the Brucine method as outlined by Bain et al., [25&26]. The process involved precise dilution of the 1000-ppm nitrate stock solution to create various nitrate concentrations. These distinct nitrate solutions were then mixed with specified quantities of either clay mineral or zeolite. To ensure thorough blending, mechanical agitation was employed at a speed of 60 rpm, with the agitation duration tailored for each specific study. Subsequent to agitation, the mixtures were subjected to filtration using Whatman filter paper, and the resulting sample solutions were stored as needed. Before reagent preparation, a series of nitrate standard solutions were meticulously prepared, spanning concentrations from 0-ppm to 10-ppm, derived from the 1000 ppm nitrate stock solution. To prepare a 30% NaCl solution, 30 g of sodium chloride were dissolved in 100 mL of distilled water as part of the reagent preparation process. Additionally, a mixture was created by combining 50 mL of concentrated sulfuric acid with 12.5 mL of distilled water, maintaining a 4:1 ratio of sulfuric acid to distilled water, and sealing the resulting solution. Subsequently, a carefully measured blend of 1 gram of brucine sulfate, 0.1 g of sulfanilic acid, and 3 mL of concentrated hydrochloric acid was employed to create a brucine-sulfanilic acid solution in a 100 mL conical flask. In the experiment, both sample solutions and nitrate reference solutions were accurately measured using a 10 mL pipette within the range of 1 to 5 mL. Subsequently, while stirring and cooling the solutions in tap water, 10 mL of distilled water and 10 mL of sulfuric acid were added to each solution. The procedure was completed by slowly adding 0.5 mL of the Brucine-Sulfanilic acid solution while gently swirling the conical flask. The resulting mixture was then heated for 25 minutes at 100°C in a water bath. Following this, the solution was transferred to a 1 cuvette to determine concentration by UV-Vis spectroscopy. 

[bookmark: _Toc144815754][bookmark: _Toc144840321]Phosphates
The phosphate batch adsorption study followed the methodology outlined by Ganesh & Saki et al., [21&26]. The process involved dilution of the 1000 ppm stock phosphate solution to create various phosphate concentrations. These phosphate solutions were then mixed with distinct quantities of zeolite or clay mineral. To ensure thorough blending, mechanical agitation at a speed of 60 rpm was utilized, with the agitation duration customized for each specific study. Subsequent to agitation, the mixtures underwent filtration using Whatman filter paper, and the resulting sample solutions were stored as needed. Before reagent preparation, a series of phosphate standard solutions were prepared from the 1000 ppm phosphate stock solution. For analysis, a 10 mL conical flask was placed in a water bath, and 1 mL of ammonium molybdate and 0.4 mL of hydrazine sulfate were added. Subsequently, the solution was diluted with distilled water. A blue-colored solution was then formed by combining 5 mL of this solution with 5 mL of either the standard solution or the sample solution, followed by heating for 30 minutes in a water bath at 60°C. After cooling, the absorbance was determined using a UV-Vis spectrophotometer.
[bookmark: _GoBack]
Results and discussion
Effect of pH 
The effect of pH on the adsorptive capacities of raw kaolinite and Alkali Modified kaolinite for nitrates and phosphates are shown in figure 4&5 below:-

[bookmark: _Hlk226719747]Figure 4. Effect of pH on nitrates adsorption on raw kaolinite and alkali modified kaolinite.


Figure 5. Effect of pH on phosphates adsorption on raw kaolinite and alkali modified kaolinite.

From the results in Figure 4, indicating nitrates adsorption for pH ranges between (3-7), there is an average increase in removal by 60%. Using raw kaolinite and Alkali Modified Kaolinite the adsorptive capacity achieves its maximum at pH=7. In the alkaline pH range (7-10), the adsorptive capacity and efficiency remained constant at 99.2%. For nitrates adsorption, the results indicate favourable removal in alkaline mediums. In figure 5, for phosphates adsorption, the results indicate that raw kaolinite showed minimal adsorptive capacity. Using Alkali Modified Kaolinite, at pH=3, the adosorptive capacity was determined at 50%, rising to 99.6 % at pH=7. In the pH range (7-10), the adsorptive capacity remained fairly constant towards the alkaline range. The results show that nitrate and phosphate adsorption peaked at pH=7 and stabilised in alkaline medium. 

Effect of adsorbent dosage
The effect of adsorbent dosage on percentage adsorption of nitrates and phosphates from aqueous solutions using raw kaolinite and alkali modified kaolinite are shown in figure 6&7 below:-

Figure 6: Effect of adsorbent dosage on nitrates adsorption on raw kaolinite and alkali modified kaolinite 

Figure 7: Effect of adsorbent dosage on phosphates adsorption on raw kaolinite and alkali modified kaolinite.

From figure 6, for nitrates removal in water, the results show similar adsorptive capacities and efficiency for both raw-kaolinite and alkali modified kaolinite. At 0.02 g adsorbent dosage, Alkali Modified Kaolinite showed an elevated adsorption capacity i.e. 3%, compared to raw kaolinite. For adsorbent dosage between (0.02-0.1g), the adsoption capacity remained constant at 99.5%. From the findings in figure 7, for phosphates adsorption, using Alkali Modified Kaolinite, an increase in adsorbent dosage in the range (0.02-0.1 g), resulted in elevated phosphates removal by 30%. Additionally, increased adsorbent dosage, using Alkali Modified Kaolinite, increased the adsorptive capacity for phosphate adsorption peaking at 0.1g at 99.2%.Raw kaolinite showed minimal adsorptive capacity for phosphates for adsorbent dosage in the range (0.02-0.1 g). The results in figure 7, for phosphate adsorption, show that increased adsorbent dosage using Alkali Modified Kaolinite achieved optimum conditions for effective adsorption. 

Effect of adsorbate concentration 
The effect of adsorbate concentration on the adsorption of nitrates and phosphates using raw kaolinite and alkali modified kaolinite are shown in figure 8&9:-

Figure 8: Effect of adsorbate concentration on nitrates adsorption on raw kaolinite and alkali modified kaolinite. 


Figure 9: Effect of adsorbate concentration on phosphates adsorption on raw kaolinite and alkali modified kaolinite.
From the results in Figure 8, for nitrates adsorption, the findings show a similar adsorptive capacity (99.5%) using raw kaolinite and alkali modified kaolinite for adsorbate concentration in the range (10-100 ppm) indicating, saturation was achieved at adsorbate concentration (10 ppm). In figure 9, for phosphates adsorption, using raw kaolinite, minimal adsorption was observed for adsorbate concentration in the range (10-100 ppm). Using Alkali Modified Kaolinite, in the adsorbate range (10-100 ppm), 99.5% adsorption was observed with saturation achieved at 10 ppm concentration.

Effect of adsorbate-adsorbent contact equilibrium time
The effect of adsorbate-adsorbent contact equilibrium time on adsorption of nitrates and phosphates using raw kaolinite and alkali modified kaolinite are shown in figure 10 & 11:-

Figure 10: Effect of adsorbate-adsorbent contact equilibrium time on nitrates adsorption on raw kaolinite and alkali modified kaolinite.


Figure 11: Effect of adsorbate-adsorbent contact equilibrium time on phosphates adsorption on raw kaolinite and alkali modified kaolinite.

From figure 10, for nitrates adsoption, the findings show identical adsorptive capacity for raw kaolinite and alkali modified kaolinite (99.5%), between contact equilibrium times (10-60 mins.). In figure 11, for phosphates adsorption, results show that using Alkali Modified Kaolinite, at contact time= 10 mins, 96.1 % adsorptive capacity was observed. At 20 minutes the adsorptive capacity increased and peaked at 99.6% that remained constant upto 60 minutes contact time. The results suggest adsorption equilibrium was achieved at 30 minutes of contact time.  For raw kaolinite, the findings indicate minimal adsorption capacity for contact equilibrium time for the range (10-60 mins.). 

Conclusions
The current study concludes effective elimination of  and  from water in an alkaline environment using calcined raw kaolinite and alkaline modified kaolinite. Alkaline modified kaolinite (AKM) with NaOH, showed great adsorptive capacity to remove both  and  from water. Maximum adsorptive capacity and efficiency of both   and  was achieved under the following conditions :-[(adsorbent dosage= 0.01g); (equilibrium contact time= 30 mins); (adsorbate concentration= 10 ppm) ;( pH=7-10)].
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 Effect of pH
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Effect of pH
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Effect of adsorbent dosage
AKM-kaolinite	0.1	7.4999999999999997E-2	0.05	0.02	0	100	100	99.95	99.02	0	raw kaolinite	0.1	7.4999999999999997E-2	0.05	0.02	0	100	100	99.94	96.02	0	adsorbent dosage [g]

nitrate adsorption [%]



effect of adsorbent dosage
AKM-kaolinite	0.1	7.4999999999999997E-2	0.05	0.02	0	100	87.36	81.22	66.650000000000006	0	raw kaolinite	0.1	7.4999999999999997E-2	0.05	0.02	0	0.85	0.85	0.02	1E-3	0	absorbent dosage [g]  

Phosphate removal [%]



Effect of adsorbate concentration

AKM-kaolinite	100	50	20	10	0	100	100	100	100	0	raw kaolinite	100	50	20	10	0	100	100	100	100	0	concentration [ppm]


Nitrate adsorption [%]




Effect of adsorbate concentration

AKM- kaolinite	100	50	20	10	0	100	100	100	100	0	raw kaolinite	100	50	20	10	0	0.2	0.1	1.3	0.8	0	concentration [ppm]


Phosphate adsorption [%]




Effect of contact equilibrium time

AKM-kaolinite	60	30	20	10	1	0	100	100	100	99.78	14.35	0	raw-kaolinite	60	30	20	10	1	0	100	100	100	98.98	14.1	0	Time [mins]


Nitrate adsorption [%]




Effect of contact equilibrium time

AKM-kaolinite	60	30	20	10	1	0	100	100	100	96.01	16.43	0	raw-kaolinite	60	30	20	10	1	0	1.59	0.13	0	0	0	0	Time [mins]


Phosphate adsorption [%]
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