


Adsorption isotherm kinetics of Cu2+, Pb2+ and Cd2+ onto Mukurweini’s raw kaolinite and alkali modified Kaolinite


Abstract:
It is essential to remove heavy metal ions from industrial or domestic waste before they are released into water sources, as their presence in water, even in small concentrations, is a significant environmental concern. Industrial, domestic, and agricultural activities are the primary sources of heavy metal ion contamination in water sources. This study sought to find the best-fitting isotherm and kinetic models, and to evaluate the thermodynamic feasibility, the study used Mukurweini Kaolinite and alkali-modified Kaolinite for lead, copper, and cadmium adsorption from an aqueous solution using a batch adsorption process. Two samples of raw clay earthly mineral each weighing 3 kg were excavated from Mukurweini using a shovel (grid method). The samples were further processed by separate calcination at 700°C in a furnace at for 2 hours that maximised dehydroxylation reactions within the clay material. One sample (3 kg), was converted to Alkali modified kaolinite (AMK) by weighing out 50 g of the freshly calcined brown clay material and subsequently modified 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. The calcined raw and alkali modified kaolinite samples were separately placed in 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. Of the three isotherm models investigated (Langmuir, Freundlich, and Temkin), the Freundlich model gave the best fit to the experimental data. The result of kinetic studies indicated that the adsorption process followed a pseudo-second-order, spontaneous physical progression. 
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Introduction
It is of utmost importance to take action to reduce environmental heavy metal pollution, as it poses a serious health risk[1]. Raw clay samples from Mukurweini, Nyeri County, have largely been extracted for commercial purposes and exported. However, minimal research has been done to understand their properties and composition. However, locals have utilized this clay for domestic purposes, particularly in making clay briquettes. This study intends to capitalize on this clay to create zeolites for water treatment. Access to clean water remains a challenge in many developing nations, necessitating effective, low-cost water treatment technologies. Given the proven potential of zeolites and clay in water treatment, evaluating the adsorption properties of this specific clay from Nyeri County, as well as the synthesized zeolites, holds significant promise. Lead, copper, and cadmium are some of the most common heavy metals that may be hazardous to human health[2]. Lead is a neurotoxin that can damage the neurological system and brain[3], while copper can be poisonous and harm the liver and kidneys when consumed in large doses. Additionally, cadmium, a known carcinogen, can cause cancer when present in high amounts[4]. Furthermore, environmental heavy metal pollution can also contaminate food and water supplies, thus increasing the danger of health issues[5]. Therefore, it is essential to take steps to reduce environmental heavy metal pollution in order to protect human health.
Adsorption studies 
[bookmark: _Toc72138456][bookmark: _Toc72306446][bookmark: _Toc72310668][bookmark: _Toc72310789][bookmark: _Toc74024890][bookmark: _Toc105786385]The studies carried in order to gain a better understanding of the interactions between molecules and surfaces. Adsorption is the process in which molecules of a material are attracted to and remain on the surface of a solid or liquid [6]. Through these studies, the ability to analyze the surface properties of materials, such as surface area, pore size, and porosity, which can be used to create new materials and improve existing ones, as well as to develop more efficient separation and purification processes. Determining the adsorption isotherm, kinetics, and thermodynamics of heavy metals in water can be immensely helpful in removing these metals from water [7]. The adsorption isotherm describes the connection between the heavy metal concentration in water and the quantity of metal adsorbed onto the surface of the adsorbent material [8]. Adsorption kinetics explains how quickly a heavy metal is adsorbed onto the surface of an adsorbent material [9]. The adsorption isotherm is one of the best ways to study adsorption while representing the relationship between the adsorbent, the adsorbate and the different external factors[10]. Adsorption isotherms represent these relationships using graphs. From the adsorption isotherms graph, one can know in which conditions the adsorption capacity is great and how to enhance the adsorption capacity. They are different models of adsorption isotherms, which are Langmuir, Freundlich, Temkin, isotherms models among[11].

Langmuir isotherm model 
Assumes that adsorption occurs at a precise spot on the adsorbent's homogeneous site. This method is effective in adsorption processes containing molecular monolayer. This model assumes the Following factors
i) adsorbent has an active site and only one adsorbate can interact with one adsorbent active site,
ii) all adsorbed molecule has the same energy therefore, there is no interaction between neighboring molecules. 
iii) the adsorption frequency is proportional to the solution concentration and 
iv) [bookmark: _Toc72138457][bookmark: _Toc72306447][bookmark: _Toc72310669][bookmark: _Toc72310790][bookmark: _Toc74024891][bookmark: _Toc105786386]The adsorbate occupies the active site on the adsorbent fully [12]

Freundlich isotherm 
Model deals with adsorption processes on heterogeneous site of the adsorbent with molecular multilayer. This model has the following advantages
It enables the adequate description of non-linear adsorption in a well-defined way of the adsorbate concentration. It has a simplified mathematical equation that is easy to use and describes adsorption site with different energy level unlike the Langmuir isotherm model [13]. However, Freundlich isotherm model is not able to predict the maximum adsorption occurrence [14].

Temkin isotherm model 
[bookmark: _Toc71527113][bookmark: _Toc72138459][bookmark: _Toc72306453][bookmark: _Toc72310675][bookmark: _Toc72310796][bookmark: _Toc74024893][bookmark: _Toc87205354][bookmark: _Toc105786388]Focuses on the adsorbate-adsorbent interaction regardless of the external factors. Therefore, it is often used in adsorption heat with the non-uniform distribution. This model assumes that the decrease in temperature affects the adsorption linearly rather than how the Freundlich model suggested, logarithmically.

Adsorption kinetics 
[bookmark: _Toc72306454][bookmark: _Toc72310676][bookmark: _Toc72310797][bookmark: _Toc74024894][bookmark: _Toc105786389]The measurement of the speed of adsorption versus time. It describes the adsorption mechanism and aids in the assessment of the adsorbent. Several kinetics models have been developed in the determination of the rates of adsorption. The most frequently applied adsorption kinetic models in the removal of water pollutants are Pseudo-first-order and Pseudo-second-order kinetic models[15].

[bookmark: _Hlk22747398][bookmark: _Toc72306455][bookmark: _Toc72310677][bookmark: _Toc72310798][bookmark: _Toc74024895][bookmark: _Toc105786390]Pseudo-first-order kinetic model is the first kinetic model has ever been used in the determination of the adsorption rate. In order to determine the adsorption rate, this model uses the adsorption capacity [16].

The pseudo-second-order- kinetic model, unlike the Pseudo-first-order kinetic model, is based on the adsorbent concentration in the determination of the adsorption rate[16].
[bookmark: _Hlk22709722][bookmark: _Hlk22709772][bookmark: _Hlk22709812][bookmark: _Hlk22709790]Adsorption thermodynamics is an important parameter in the adsorption process because provides information on the spontaneity of adsorption process. This is determined from Gibb’s free energy (G0) that is calculated from the change in both the entropy (S0) and enthalpy (H0) of the system[17]. 

Methodology
Sampling and sample preparation
The materials were collected from Nyeri County in Kimathe Valley, Mukurweini (Longitude: 37° 9’ 43.8” Latitude: 0°37’ 55.9”), then dried in an oven at 80°C for 18 hours and finely ground using a motor and pestle. A part of this sample was then taken to a muffle furnace, where it was heated at 700°C for two hours. After this, it was hydrothermally treated with 8M of NaOH in a pressure cooker at 120°C for three hours. Finally, it was put back into the muffle furnace for two hours at 650°C. 

Batch adsorption studies
A batch adsorption study was done using two adsorbents, kaolinite and alkali-modified kaolinite, in order to determine the adsorption isotherm, adsorption kinetics, and adsorption thermodynamics and the sample solutions analyzed alongside standard solutions using an AA-6300 SHIMADZU Atomic Absorption Spectrophotometer and the following procedure: The computer connected to the AAS was first turned on, as different parameters were set. The ASS lamp was setting based on the metal being analyzed (copper, lead and cadmium). After that, the compressed air and acetylene cylinders valves were opened and the flame was ignited. Using the University of Nairobi laboratory standards, the calibration curve was set. Different prepared samples were then injected into the flame and their absorbances were recorded.

Results and discussion
Adsorption isotherm
This study focused on three different adsorption isotherms: Langmuir, Freundlich and Temkin adsorption isotherms. The adsorption isotherms were studied at room temperature, pH 7 and 30 min contact time where Ce is the concentration at equilibrium and qe is the adsorption capacity at equilibrium. 
a. Langmuir adsorption isotherm

Using the Langmuir linear equation
                                                                                                                        (1) 
Ce/qe vs. Ce were plotted and from the slope and intercept, the Langmuir constant KL and the maximum monolayer capacity qmax were calculated.  The maximum monolayer capacity qmax was calculated using the following equation: 
qmax =.                                                                                                                                              (2)

Figure 1 illustrates, Langmuir adsorption isotherm for Lead, Copper and cadmium.

Figure 1 Langmuir adsorption isotherm for Lead, Copper and cadmium

The Langmuir parameters obtained from plotting Ce/qe vs. Ce in table 1 can indicate three things: one, the adsorption was favorable, which means that the dimensionless equilibrium parameter, RL is between 0 and 1[18 & 19].
For this study, the RL values were 0.2485, 0.2695 and 0.5577 respectively lead, copper and cadmium. Two, the qmax, the maximum adsorption capacity, is very crucial in the determination of the adsorbent performance. The highest qmax in this study was obtained while using lead with 61.208mg/g followed by copper 47.7502mg/g, and cadmium with lowest maximum adsorption capacity of 23.5164mg/g. Three, the KL, the Langmuir equilibrium constant, describes the adsorption/ desorption equilibrium of every adsorbate in contact with the adsorbents. This means that one particular portion of the adsorbent occupied by the one adsorbate at a very specific temperature and pressure[18]. Therefore, the highest KL of this study was 0.302L/g while using lead as an adsorbate followed by, 0.271 L/g, and 0.079 L/g respectively for copper and Cadmium. Figure 1 shows a linear progression adsorption process of the adsorbate per adsorbent in unit mass is represented. This adsorption process fits the Langmuir adsorption isotherm model as their correlation coefficient R2 is above 0.95 (table 1). Therefore, it can be concluded that this is a monolayer adsorption.

Table 1 Langmuir adsorption isotherm constants
	
	CONSTANTS
	Lead
	Copper
	Cadmium

	M-Kaolinite
	KL(L/g)
	0.302365
	0.271048
	0.079307

	
	qmax(mg/g)
	61.20896
	47.75029
	23.5164

	
	RL
	0.24853
	0.2695
	0.5577

	
	R2  
	0.966697
	0.996844
	0.953959

	Kaolinite
	KL(L/g)
	1.429442
	0.856043
	3.301867

	
	qmax(mg/g)
	30.20675
	39.12857
	28.6401

	
	RL
	0.24853
	0.2695
	0.5577

	
	R2  
	0.929424
	0.898283
	0.925385



b. Freundlich adsorption isotherm
From the Freundlich linear equation
                                                                                                                       (3)

The Freundlich constant Kf   and n, were determined after plotting ln qe vs. ln Ce.
Figure 2 shows Freundlich adsorption isotherm for lead, Copper and Cadmium.

 
Figure 2 Freundlich adsorption isotherm for lead, Copper and Cadmium

From figure 2, If 1/n=0, the adsorption isotherm is linear. If 1/n<1, the adsorption is non-linear. For this model to be applicable, 1\n has to be between 1 and 0 (n >0)[20]. KF represents the adsorption capacity but not at saturation like the qmax in Langmuir adsorption isotherm. In table 2, the values of n are between 1 and 3. This means that, 1/n is less than 1. Implying that, the Freundlich model is applicable for this study. 
The adsorption capacity ranking KF was similar to the Langmuir adsorption isotherm. However, their values differed. The highest adsorption capacity in (mg/g)(L/mg)(1/n) was lead with a value equals to 13.9861, followed by, 10.1812 and 2.1407 respectively for copper and cadmium. The coefficient of correlation of this study were respectively 0.995, 0.997 and 0.9889 respectively for lead, copper and cadmium. Therefore, this adsorption process fits best the Freundlich adsorption isotherm. Implying it is a multilayer adsorption.

Table 2 Freundlich adsorption isotherm constants
	
	CONSTANTS
	Lead
	Copper
	Cadmium

	M-Kaolinite
	n(L/mg)
	1.324247
	1.415708
	1.419274

	
	KF((mg/g)(L/mg)(1/n))
	13.9861
	10.18126
	2.140731

	
	R2
	0.995076
	0.997383
	0.989909

	Kaolinite
	n(L/mg)
	2.295767
	1.750613
	2.621857

	
	KF((mg/g)(L/mg)(1/n))
	16.92915
	17.48657
	21.7668

	
	R2
	0.958092
	0.970116
	0.952525



c. Temkin adsorption isotherm
From this equation,
                                                                                                                           (4)

The Temkin constants were determined after plotting qe vs. lnCe. 
Figure 3 shows Temkin adsorption isotherm for lead , copper and Cadmium.

Figure 3 Temkin adsorption isotherm for lead, copper and Cadmium

From figure 3, ln qe and ln Ce were plotted, and the two parameters were deduced. The heat of adsorption B was positive and adsorption energy was less than 20 J/mol throughout the adsorption process. 
It means that this was an exothermic physical adsorption. The KT values from table 3 indicates that lead had the highest equilibrium binding constant 4.142 L/mg, implying that the interaction between the adsorbent and the adsorbate was high.  After lead, copper had the highest equilibrium binding followed by cadmium. The coefficient of correlation from this study was above 0.92. Therefore, this adsorption study fit the Temkin isotherm model, meaning there is an evenly distributed energy between the adsorbent and the adsorbate throughout the adsorption process.

Table 3 Temkin adsorption isotherm constants
	
	CONSTANTS 
	Lead
	Copper
	Cadmium

	M-Kaolinite
	KT(L/mg)
	4.142331
	2.855076
	0.782683

	
	B(J/mol)
	8.118019
	9.730484
	4.918514

	
	R2
	0.929582
	0.9963
	0.99149

	Kaolinite
	KT(L/mg)
	15.15285
	8.257104
	39.53823

	
	B(J/mol)
	6.452853
	8.578505
	5.881098

	
	R2
	0.915121
	0.937422
	0.888923



1. Adsorption kinetics
The adsorption kinetics was determined at room temperature, pH=7, with an initial dosage and concentration 0.050 g and 10 ppm respectively, where Ce is the concentration at equilibrium, Ct the concentration at time t,   the adsorption capacity at equilibrium and  the adsorption capacity at time t. 
For the pseudo first model using this linear equation;
                                                                                                         (5)
 Ln (qe-qt) vs t was plotted and for the pseudo second model t/qt vs t was plotted from its linear equation;      
                                                                                             ……………       (6)


Figure 4 Pseudo first order reaction for lead, copper and Cadmium


Figure 5 Pseudo second order reaction for copper, cadmium and Lead.


Figure 4 shows Pseudo first order reaction for lead, copper and Cadmium. Figure 5 shows Pseudo second order reaction for Lead, copper and Cadmium. The adsorption kinetics data for the first and second pseudo reaction model were calculated in table 4. Form the data and figure 5, it was observed that, all the adsorption process fitted best the pseudo second order reaction with R2 of 0.99 for all the three heavy metals, which were much closer to 1 compared to the R2 of the first order reaction (0.95, 0.91 and 0.65 respectively for lead, copper and cadmium). The pseudo second order reaction model fits best not only because of the higher R2, but also because of its experimental qe, which was much closer to the calculated qe. Therefore, the adsorption rate is proportional to the square of the concentration of the adsorbate in the solution.

Table 4 Pseudo first and second order reactions constants
	Pseudo first order reaction

	M-Kaolinite
	CONSTANTS
	Lead
	Copper
	Cadmium

	
	K1
	0.161054
	0.041648
	0.102167

	
	Qe
	5.673688243
	10.7383316
	0.598375147

	
	R2
	0.954986
	0.910278
	0.625525

	Kaolinite
	K1
	0.167182
	0.104121
	0.080879

	
	Qe
	5.807350417
	4.804314108
	1.290551384

	
	R2
	0.940709
	0.963888
	0.708665

	PSEUDO SECOND ORDER REACTION

	
	CONSTANTS
	Lead
	Copper
	Cadmium

	M-Kaolinite
	H
	15.01791
	2.918251
	2.408782

	
	K2
	0.067264
	0.012772
	0.110837

	
	Qe
	14.94216625
	15.1157393
	4.661833526

	
	R2
	0.999795
	0.998049
	0.991613

	Kaolinite
	H
	15.0468
	18.06875
	67.4791

	
	K2
	0.067375
	0.070427
	0.259744

	
	Qe
	14.94419057
	16.01744793
	16.11803117

	
	R2
	0.999795
	0.99941
	0.99998



Conclusions
The adsorption isotherms had a higher R2, above 0.91; but the Freundlich isotherm model had the highest coefficient of correlation. Therefore, the adsorptions were predominantly multilayer, with some monolayer coverage and an evenly distributed binding energy. From the Langmuir isotherm model, lead had the highest adsorption capacity of 47.7502 mg.g-1 and cadmium the lowest 23.5164 mg.g-1.The pseudo-second order reaction model fitted best this adsorption study due to two factors: the high R2, and the fact that the calculated qe were much closer to the pseudo second order reaction than the pseudo first order reaction. This adsorption study was spontaneous and feasible due to the negative Gibb’s free energy, nitrate having the highest -12.36 KJ.mol-1 and cadmium the lowest -0.064 KJ.mol-1 as observed in previous studies by [21,22,23].
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Lnqe



Lead
M-Kaolinite	
0.61041753296094925	0.24404361542195138	-4.6879999999999998E-2	-0.52543177615535275	21.756799999999998	17.447199999999999	12.194399999999998	9.4086999999999996	Kaolinite	
0.51796011266659014	9.0754363268464117E-2	-0.44926026810783587	-1.3878956424868645	22.1904	17.809999999999999	12.482533333333333	9.7504000000000008	LnCe

qe


Copper
M-Kaolinite	
0.95231403105081103	0.64830670608679153	0.17151335807735127	-0.13079229025002351	19.755466666666667	16.1754	11.750533333333331	9.1226000000000003	Kaolinite	
0.41455698478638248	-3.6064955941117441E-3	-0.42342543348515715	-1.1147416705979933	22.630133333333333	18.007200000000001	12.460266666666666	9.6720000000000006	LnCe

qe


Cadmium
M-Kaolinite	
2.016608232508267	1.8704474134700457	1.6419051025716018	1.4272203502325205	6.6325333333333321	7.0175999999999998	6.4466666666666663	5.8329000000000004	Kaolinite	
7.4720148387010564E-3	-0.26110505760132852	-1.1631508098056809	-2.1982250776698029	23.979999999999997	18.459600000000002	12.916666666666666	9.8889999999999993	LnCe

qe



Lead
M-Kaolinite	
1	5	10	20	30	40	1.9028535167336418	1.0122552430115788	-0.47740374266940694	-0.98853889608178214	-3.7862718001225355	-4.2658448803846261	Kaolinite	
1	5	10	20	30	40	1.9022567689910337	1.0110916911386143	-0.47908150879524847	-1.0058872656859124	-4.2322282695855424	-4.3626947063745574	Time

ln(qe-qt)


Cadmium
M-kaolinite	
1	5	10	20	30	40	0.12746972594008921	0.42361393520401247	0.71763769745083605	1.4101508297327481	2.0643641208010837	2.7508500126539097	Kaolinite	
1	5	10	20	30	40	0.12740476493820868	0.42349911912183225	0.71758414104604251	1.4095147886291624	2.0632056163207815	2.7506048580082756	Time

t/qt


Copper
M-Kaolinite	
1	5	10	20	30	40	2.5756001284024226	2.1767315784550743	1.7654428720215396	1.4181805499822124	0.99414026707139824	0.94237944263652595	Kaolinite	
1	5	10	20	30	40	1.6049478471612353	0.81430230211641175	0.25234500816209632	-4.365934934041641E-2	-1.3878956424868678	-2.8598037563297702	Time

ln(qe-qt)



Copper
M-Kaolinite	
1	5	10	20	30	40	0.37026066350710884	0.71199106878403318	1.0004161731280212	1.7078835906544609	2.2835221044939713	3.0134278344302206	Kaolinite	
1	5	10	20	30	40	9.2060686404477829E-2	0.36812345388149365	0.68714543295659447	1.3438403732651021	1.9242610837438423	2.5344173881308163	Time

t/qt


Cadmium
M-Kaolinite	
1	5	10	20	30	40	1.260731138144545	-1.413871128890122	-3.1009150272346324	-3.5608029121723774	-3.6651629274966262	-3.8181684299565122	Kaolinite	
1	5	10	20	30	40	1.2375623073194919	-6.3578981642869792E-2	-1.447319062957662	-2.1864033387046322	-2.2900243109491831	-2.2930308801892281	Time

ln(qe-qt)


Lead
M-kaolinite	
1	5	10	20	30	40	1.1467889908256883	1.2028483448806775	2.2962154695117696	4.5750007320001167	6.8580833942940735	9.1365252698015915	Kaolinite	
1	5	10	20	30	40	7.9033889731917051E-2	0.32978049810046434	0.63032625687055621	1.2509632416961058	1.8751481367027993	2.50015000900054	Time

t/qt



Lead
M-Kaolinite	
1.8411999999999999	1.2764	0.85419999999999996	0.59130000000000005	8.4626415649360201E-2	7.3157870603879141E-2	7.0048546873974951E-2	6.2846089257814583E-2	Kaolinite	
1.6786000000000001	1.095	0.6381	0.24959999999999999	7.5645324104117104E-2	6.1482313307130831E-2	5.1119430884756303E-2	2.5598949786675415E-2	Ce

Ce/qe





