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Abstract: Water supply in Kenya has been defined as being scarce due to multiple causes that include droughts, 
forest degradation, population growth, and insufficient water supply management. The main freshwater resources 
include groundwater, water basins, dams, rivers, lakes, swamps, and springs. These water crises have necessitated 
the invention of cost-effective water treatment methods. The adsorption study was done using seven different 
adsorbents (S1, S2, S3, S4, S5, S6, and S7) and five different adsorbates (Nitrate, Phosphate, lead, Cadmium and 
Copper). Nitrate and Phosphate adsorption study was done using UV-Vis Spectrometry and Lead, Copper and 
Cadmium using Atomic Absorption Spectroscopy. Adsorption Isotherm parameter was examined through the 
potential application of clay-derived zeolites derived from clay material (kaolinite) obtained from Mukurweini in 
Nyeri County to remedy water contaminated with agricultural waste. It was observed that the adsorbents S1, S2, S3, 
S4, S5 and S6 had similar behavior throughout the adsorption study. 
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1. Introduction 

The adsorbent being the surface where the adsorbates gather and attached during the adsorption process 
has a significant impact on the adsorption study. The structural and chemical composition of the 
adsorbent such as ruptures, pores, extremities influences the adsorption study great [1]. There several 
available adsorbents, in the present study however, focus was directed towards clay mineral and micro-
porous zeolite. The effectiveness, efficiency, and affordability of these absorbents for water treatment 
involving various types of pollutants (adsorbate), such as heavy metals and inorganic pollutants, have 
been demonstrated on multiple occasions [2]. Battas [3] carried out a study in (2019) using local clay as an 
adsorbent to remove nitrate in a batch experiment. The experiments' findings showed that nitrate was 
efficiently removed from aqueous solution, and that as adsorbent concentration increased, so did 
adsorption efficiency [4]. conducted a similar experiment in which they used clay mineral as an adsorbent 
to remove nitrate and ammonia from underground water. According to the study's findings, clay mineral 
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is very efficient. In a different study, Ouardi [5] used Moroccan clay mineral in their search for an 
inexpensive adsorbent to remove nitrate from water. Moroccan clay mineral was discovered to be an 
affordable and effective adsorbent for the removal of nitrate in water. Different types of clay mineral were 
used during the experiment as such Smectite and kaolinite, these adsorbents effectively removed nitrate 
and phosphate ion from water body. The findings of the experiment performed by Hamdi [6] in 2012 
demonstrated that phosphate ion removal is more efficient at a lower aqueous pH. In a different 
experiment, Zamparas et al [7] found that 80% of the phosphate was eliminated in just one hour when 
utilizing modified clay mineral for lake restoration [8]. Saki's usage of halloysite clay mineral for the 
successful phosphate removal from agricultural runoff water. Additionally, clay mineral has been 
demonstrated to be efficient at removing heavy metals from water [9]. It has been successfully used to 
remove copper and cadmium from water using a mixture of clay as an adsorbent [10]. Clay is a natural 
material formed from fined grained mineral that belongs to the crystalline hydrous silicate group. It 
displays some plasticity when wet and exhibit different properties when heated under controlled 
conditions. Clay minerals are composed of different finely grained mineral, which are responsible for 
different types of clay mineral. Clay minerals are mostly from the phyllosilicate family; meaning they are 
mostly formed from several silicate layers. It is however essential to note that, not all clay minerals are 
from the phyllosilicate family [11]. Clay minerals are composed of hydrous silicates layers that are 
composed of arrangement of planes of atoms forming layers, which are reflected through their crystal 
morphologies and behavior [11]. They are mostly composed of silicate layers (phyllosilicate) that have 
basically two different components which are tetrahedral and octahedral sheets depending on their 
structures. Clay mineral classification is generally based on the type of layer, charge present and different 
compartments of each species. Hence, classification is based on the differences in their structures and 
chemical components. Phyllosilicates have two types of layers; A 1:1 layer which constitutes a group of 
serpentine-kaolin, and 2:1 layer which is composed of six groups that include talc-Pyrophyllite, Smectite, 
vermiculite, mica, illite, chlorite and sepiolite-palygorskite. Table 2.1 illustrates a detailed classification 
of clay minerals according to El-Shatera et al. [12]. 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 [13]. 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, Dubinin-Radushkevick, Harkins–Jura and Halsey, Redlich–Peterson and    Brunauer, 
Emmett and Teller (BET) isotherms models [14]. 
 
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(∆𝐺°) 
that is calculated from the change in both the entropy (∆𝑆°) and enthalpy (∆𝐻° ) of the system[15].  
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∆G° = −RTlnK°          
 Equation 2:5 
∆G° = ∆H − T∆S          Equation 2:6 
−RTlnK° = ∆H − T∆S           Equation 2:7 

lnK° = ∆S°

R
− ∆H°

RT
            Equation 2:8 

 
Where, ∆𝐺°  is Change in Gibb’s free energy, ∆𝑆°  change in entropy, ∆𝐻°  change in enthalpy, R the 
universal gas constant, K the equilibrium constant and T absolute temperature.  

2. Methodology 

The materials were collected from Nyeri County in Mukurweini, 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.  
A batch adsorption study was conducted using two adsorbents, kaolinite and alkali-modified kaolinite, in 
order to determine the adsorption isotherm, adsorption kinetics, and adsorption thermodynamics. 
The batch adsorption study was carried out 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. 
The clay mineral was heated isothermally in a furnace for a period of 2 h at two different temperatures of 
600 and 700°C. The activated clay was divided into three portions and each one of them treated with 
solutions of 6, 7 and 8 M NaOH while agitating using a mechanical shaker for 30 min at 60°C to obtain a 
homogenous paste. These were then placed in a pressurized cooker, and heated for 3 hours. Then washed 
using ethanol, then oven-dried at 110◦C for 1 hour, and finally activated in a muffle furnace at 650 °C for 
2 hours.  
A series of adsorbate concentrations ranging from 1000 ppm to 0.1ppm of nitrate, phosphate, lead, copper 
and cadmium ions were prepared. Using the following formula: the molecular weight of the salt / the 
molecular weight of the ions dissolved in a 1000ml distilled water; 1000-ppm stock solutions were 
prepared daily. These stock solutions were diluted to different concentrations depending on the adsorption 
studies using the following formula:  
C1V1=C2V2.                                                                                 Equation 3:1 
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3. Results and Discussion 

At pH7, 10 ppm adsorbate concentration, 0.030g adsorbent dosage, and a contact time of 30 minutes, the 
thermodynamic parameters were investigated.  
The following equation was used to calculate the Gibb's free energy: 
  ∆G° = −RTlnK                                                                              Equation 4:7 
 
The entropy and enthalpy were determined using this equation; 

 lnk = ∆S°

R
− ∆H°

RT
                                                                  Equation 4:8 

 
Where: ∆S° is the change in entropy, ∆H°is the change in enthalpy, R is the universal gas constant, T is 
the absolute temperature and K is the equilibrium constant (K=Qe/Ce).  
Lnk vs 1\T was plotted and  ∆S°and ∆H°were calculated from the slope and intercept. 
 
The adsorption thermodynamics parameters gives clear understanding of the change in temperature, 
explain the interactional nature between the adsorbents and the adsorbates, and the feasibility and 
spontaneity of the adsorption reaction. From the table 4:9 it was observed that all the ΔGo were negative, 
meaning that all the adsorption processes were spontaneous and feasible. The adsorbent S7, while using 
phosphate as an adsorbate, made an exception as the reaction had positive ΔGo, which were 
22.1076kj/mol, 28.0378kj/mol and 30.9118kj/mol respectively at 298 K, 333 K and 353 K. This is due to 
the fact the adsorption did not occurred at all. The other six adsorbents (S1, S2, S3, S4, S5 and S6) had 
average ΔGo of -3.8kj/mol, -4.2kj/mol and -4.4kj/mol at respectively 298K, 333K and 353K.  
 
Other thermodynamics parameters R2, ΔHo and ΔSo are presented in table 4.1. The coefficients of 
correlation ranged from 0.77-0.98 for nitrate, 0.89-0.99 for phosphate, 0.94-0.999 for lead, 0.87-0.999 for 
copper and 0.94-0.999 for cadmium. All the adsorption processes were considered exothermic because of 
the negative ΔHo.  There was a positive entropy (ΔSo) for all the five adsorbate using all the seven 
adsorbent, implying that during the adsorption reaction, the randomness’ degree at the solid-liquid 
interface increased.  

 

 

 

 

 

 

26 

 



Adsorption Isotherm, Thermodynamics of Copper, Lead and Cadmium Onto Mukurweini’S Kaolinite and Alkali Modified Kaolinte 

Table 4:1 Thermodynamics parameters 

THERNODYNAMICS PARAMETERS 

GIBB’S FREE ENERGY (ΔGo) 
 TEMPERATURE NITRATE PHOSPHATE LEAD COPPER CADMIUM 
S1 298 K -10.4562 -3.79466 -6.6226 -5.68843 -0.76228 

333 K -11.6319 -4.21728 -7.37698 -6.33299 -0.71987 
353 K -12.332 -4.43069 -7.79206 -6.70163 -0.6449 

S2 298 K -10.4483 -3.79951 -6.64644 -5.67918 -0.76252 
333 K -11.642 -4.21871 -7.37926 -6.32825 -0.71976 
353 K -12.3412 -4.43336 -7.79019 -6.70275 -0.6451 

S3 298 K -10.4575 -3.79694 -6.65617 -5.69627 -0.7624 
333 K -11.6347 -4.22014 -7.37694 -6.33537 -0.71998 
353 K -12.3289 -4.44038 -7.78197 -6.6969 -0.6449 

S4 298 K -10.4549 -3.80408 -6.6526 -5.68629 -0.76228 
333 K -11.6376 -4.21903 -7.37798 -6.33774 -0.71965 
353 K -12.3289 -4.4352 -7.79132 -6.70414 -0.6451 

S5 298 K -10.4562 -3.8018 -6.64386 -5.68084 -0.76252 
333 K -11.6362 -4.21966 -7.3768 -6.33194 -0.71987 
353 K -12.3397 -4.43804 -7.79094 -6.69829 -0.6449 

S6 
 

298 K -10.4536 -3.79766 -6.64709 -5.69152 -0.76228 
333 K -11.642 -4.21712 -7.37705 -6.33326 -0.71976 
353 K -12.3305 -4.42802 -7.78982 -6.69913 -0.6452 

S7 298 K -10.4106 22.10761 -6.76189 -7.28274 -8.92068 
333 K -11.6667 28.03781 -7.5557 -8.1345 -8.64068 
353 K -12.3689 30.91184 -7.98449 -8.61639 -8.38337 

R2, ΔHo and ΔSo 
  NITRATE PHOSPHATE LEAD COPPER CADMIUM 
S1 R2 0.883164 0.890912 0.946662 0.999958 0.960947 

-ΔHo 0.315814 0.325572 0.273159 0.198961 0.008559 
ΔSo 0.034017 0.011652 0.021313 0.018421 0.002136 

S2 R2 0.77699 0.92108 0.994905 0.988648 0.998097 
-ΔHo 0.2156 0.344857 0.443023 0.136252 0.008986 
ΔSo 0.034327 0.011603 0.02082 0.018599 0.002135 

S3 R2 0.984381 0.918077 0.997463 0.99702 0.94196 
-ΔHo 0.325941 0.293032 0.550779 0.271709 0.007877 
ΔSo 0.033994 0.011767 0.020491 0.018205 0.002138 

S4 R2 0.961617 0.949305 0.999904 0.98008 0.999796 
-ΔHo 0.313415 0.367474 0.481871 0.16661 0.010209 
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ΔSo 0.034026 0.011541 0.020708 0.018525 0.00213 
S5 R2 0.843794 0.943412 0.998006 0.980354 0.989429 

-ΔHo 0.27502 0.337843 0.424924 0.163432 0.007479 
ΔSo 0.034153 0.011632 0.020871 0.018517 0.002139 

S6 R2 0.983216 0.904133 0.998479 0.999784 0.999056 
-ΔHo 0.291765 0.358695 0.452039 0.23142 0.010749 
ΔSo 0.034096 0.011552 0.020791 0.018323 0.002129 

S7 R2 0.402346 0.993604 0.576261 0.879377 0.990749 
-ΔHo 0.03387 26.01607 0.117379 0.052811 5.580872 
ΔSo 0.886315 -0.16169 0.022307 0.024263 0.009351 

 
As described by [13], adsorption isotherm is a form of equation describing   relationships existing between 
adsorbent, adsorbate and external factors. It can also be described as a curve determining the adsorption 
capacity of adsorbents at equilibrium [16].  This study focused on three different adsorption isotherms: 
Langmuir, Freundlich and Temkin adsorption isotherms. The adsorption isotherms were studied at room 
temperature, pH7 and 30 min contact time where Ce is the concentration at equilibrium and qe is the 
adsorption capacity at equilibrium. During the adsorption isotherm study, the adsorbents S1, S2, S3, S4, 
S5 and S6 behaved similarily. Therefore, only adsorbent S1 was used to represent the other adsorbents. 
 
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. All the reactions were exothermic 
because of the negative enthalpy, and as the adsorption reaction proceed, the randomness degree at the 
solid-liquid interface increased. 
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