
J. Chem. Soc. Nigeria, Vol. 49, No. 4, pp 518 - 527 [2024] 

518 

 

COMPETITIVE ADSORPTION OF Fe2+, Pb2+, AND Zn2+ IONS FROM MULTI-METAL 

ION SOLUTION ON AMMONIUM OXALATE MODIFIED KAOLINITE CLAY 

 

J. A.  Lawal*1, A. G. Olaremu2, O. T. Odeyemi3, F. S. Omeiza4 and I. Sanni5 

  
1 Department of Chemical Sciences, Achievers University, Owo, Nigeria 

2 Department of Chemical Sciences, Adekunle Ajasin University, Akungba-Akoko, Nigeria 
3 Department of Chemistry, Kwara State University, Malete, Nigeria 

4 Department of Chemistry, Kogi State College of Education, Ankpa, Nigeria 
5 Department of Chemical Engineering, Federal University of Technology, Minna, Nigeria 

 

*Corresponding author: jonnylawal@gmail.com +2348030681269 

 

ABSTRACT 

 

The competitive adsorption of Fe2+, Pb2+, and Zn2+ ions from mixed multi-metal aqueous solution on 

ammonium oxalate-modified kaolinite clay (AOK) was studied to determine the competitive 

influence of the metal ions on the adsorption of other metal ions. The kaolinite clay was modified by 

treating it with 0.2 M of ammonium oxalate solution at 50 oC. The adsorption of the metal ions was 

carried out using initial concentrations of 20, 35, and 50 mg L-1 in both the single and multi-metal ion 

solutions. The results revealed that at a low concentration of 20 mg L-1, the adsorption capacity for 

the uptake of the metal ions on AOK is non-competitive. At higher adsorbate concentrations of 35 

and 50 mg L-1, the single to multi-metal ions equilibrium adsorption capacity ratio value obtained was 

less than 1. This indicated an antagonistic effect on competing for the adsorption site in the following 

order: Pb2+ (9.9 mg g-1) > Fe2+ (3.85 mg g-1) > Zn2+ (2.85 mg g-1).  The outcome revealed that 

ammonium oxalate-modified kaolinite is a potential adsorbent for remediation of multi-heavy metal-

laden wastewater with preferentially higher affinity for Pb2+ ions than other metal ions.  

 

 

INTRODUCTION 

 

Industrial and municipal wastewater and 

agrochemical waste are the major sources of 

environmental and waterborne pollution 

globally. Heavy metals are one of the dominant 

pollutants, especially in iron and steel 

processing and finishing industrial wastewater 

[1]. The discharge of heavy metal-laden 

effluents into water bodies is always at a 

concentration detrimental to the soil, humans, 

and aquatic animals. Heavy metal ions are not 

biodegradable and excessive accumulation in 

living tissue impedes the biological functions 

of vital organs resulting in health problems [2]. 

Several techniques such as membrane 

separation, electrochemical techniques, 

adsorption, solvent extraction, advanced 

oxidation, precipitation, biological techniques, 

and others have effectively been used for the 

treatment of wastewater [3-5].   

The adsorption technique is considered one of 

the effective low-cost methods for the removal 

of heavy metals. Adsorption of heavy metals 
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from aqueous solutions has been studied using 

different adsorbents including clay [6,7]. The 

use of kaolinite clay for adsorption is 

worthwhile because of its abundance in 

deposits as a non-metallic mineral [8]. 

Kaolinite is a white, soft, and plastic-hydrated 

aluminum silicate clay mineral with a chemical 

formula of Al2Si2O5(OH)4. It is the most 

common member of the kaolin group with 

dominant type 1:1. It consists of two 

fundamental crystal sheets tetrahedral or silica 

and octahedral or alumina sheet. In a unit 

structure, one octahedral sheet is linked with 

the apical oxygen ion of the tetrahedral [8]. 

Simultaneous adsorption of Ni2+ and Mn2+ ions 

from aqueous solution into a Nigerian kaolinite 

clay has been reported [9]. Sodium hydroxide-

modified kaolinite has been utilized for the 

adsorption of heavy metal-laden steel 

industrial wastewater found to contain Fe2+, 

Pb2+, Zn2+, and Cr6+ ions with concentrations 

of 309.0, 20.50, 40.40, and 10.90 mg L−1 for 

respectively. After four successive adsorption 

cycles, the metal ions concentration was 

removed at approximately 99.77%, 99.95%, 

98.91%, and 99.91% for Fe2+, Pb2+, Zn2+, and 

Cr6+ ions respectively [10].  

This study focuses on the investigation of 

competitive adsorption of Fe2+, Pb2+, and Zn2+ 

ions from mixed multi-metal aqueous solution 

on ammonium oxalate-modified kaolinite clay. 

Adsorption of the metal ions from a single 

aqueous metal ion solution on ammonium 

oxalate-modified kaolinite has been carried out 

in the previous study [11]. The influence of 

individual metal ions on the rate of the 

adsorption of other metal ions from the multi-

metal ion system was investigated. The data 

obtained was used to evaluate the antagonistic 

effect of the competitive adsorption of heavy 

metals from the multi-metal ions system. 

  

MATERIALS AND METHODS 

 

Preparation of Ammonium Oxalate Modified 

Kaolinite 

The kaolinite obtained from Argungu, Kebbi 

State Nigeria was purified using wet 

sedimentation. A 25 g portion of the 63 µm 

fraction particle size of the purified clay 

without any associated minerals was added to 

a 0.2 M solution of ammonium oxalate. The 

mixture was stirred with a magnetic stirrer at 

the rate of 200 revolutions per minute (rpm) for 

1 hour at 50 oC and centrifuged at 2500 rpm for 

1 hour. The sediment obtained was washed 

repeatedly with deionized water to a neutral pH 

and dried at 103 oC [11]. 

 

Adsorption from Multi-metal Ion Solution 

Adsorption from multi-metal ion solution of 

Fe2+, Pb2+, and Zn2+ ions on AOK was carried 

out by contacting the adsorbent with 1.0 L of 

the solutions. The adsorption behavior of the 
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metal ions was studied using initial 

concentrations of 20, 35, and 50 mg L-1 in both 

the single and multi-metal ion solutions. The 

constant experimental conditions kept constant 

include adsorbent particle size of 75 µm, pH of 

5.0, agitation speed of 300 rpm, adsorbent dose 

of 4.0 g L-1, temperature of 55 oC, and contact 

time of 240 minutes. In the end, the mixture 

was centrifuged at 3000 revolutions per minute 

(rpm) for 30 minutes and the supernatant 

solution was analyzed using an Atomic 

Absorption Spectrophotometer (Buck 

Scientific 210 VGP). The AOK sample was 

characterized using X-ray Diffractometer, 

XRD (BRUKER, AXS D8), Fourier 

Transform Infrared Spectrophotometer, FTIR 

(Bruker Tensor 27 Platinum ATR-FTIR), and 

Scanning Electron Microscope, SEM 

(TESCAN VEGA TS 5136LM). 

 

The adsorption capacity of AOK was 

determined using the equation:   

𝑞 =
𝑉(𝐶𝑖−𝐶𝑥)

𝑊
     (1) 

where 𝐶i and 𝐶x are the concentrations of 

heavy metal ions before and after adsorption 

(mg L-1), V is the volume of multi-metal ion 

solution (L), q is the adsorption equilibrium 

and w is the weight of AOK (g)  

The percentage of heavy metal ions removal 

was evaluated using the formula: 

Percentage removal (%) =  
 (𝐶𝑖−𝐶𝑥) × 100

𝐶𝑖
   (2) 

The influence of the mixed metal ions was 

evaluated using the ratio of metal ion 

adsorption capacity as a single solution or 

multi-metal ions system [12]: 

𝑞𝑚

𝑞𝑠
   (3) 

where, 𝑞𝑠 and 𝑞𝑚 are the equilibrium 

adsorption capacity in single and multi-metal 

ion solutions. 

The ratio of percentage reduction based on 

adsorption capacity difference in the 

single/multi-system was calculated using the 

equation [12]: 

 Δqx = 
𝑞𝑠 − 𝑞𝑚

𝑞𝑠
 × 100%  (4) 

The total metal ion adsorption (qT) in the 

competitive system was calculated by 

summing up the amount of ions adsorbed [13]:  

 

qT = qFe + qPb + qZn  (5)  

If the expression 
𝑞𝑚

𝑞𝑠
 is > 1, the presence of 

other metal ions enhances the adsorption of the 

particular ion (synergistic effect), if the ratio is 

< 1, it indicates an antagonistic effect for the 

competitive system and if the ratio = 1, the 

presence of other ions has no effect on 

adsorption of the particular ion evaluated [13]. 

 

RESULTS AND DISCUSSION 

Adsorption from Multi-metal Ion Solutions 

The adsorption from the single/multi-metal ion 

solution on AOK was carried out on Fe2+, Pb2+, 

and Zn2+ ions. The adsorption data obtained 
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were analyzed using equations 3, 4, and 5 and 

the results obtained are presented in Table 1. 

At a low initial solution concentration of 20 mg 

L-1, the AOK adsorption capacity for Fe2+, 

Pb2+, and Zn2+ were 4.96, 4.96, and 3.88 mg g-

1 and 4.94, 4.96, and 3.72 mg g-1 in the single 

metal ion system and in the multi-metal ion 

solution respectively. No significant difference 

was observed for Fe2+ and Pb2+, except for the 

adsorption capacity for Zn2+ ions which 

reduced slightly from 3.875 to 3.72 mg g-1. The 

single to multi-metal ion system equilibrium 

adsorption capacity ratio for both Fe2+ and Pb2+ 

was approximately equal to 1 and that of Zn2+ 

was 0.96, with a ratio of adsorption capacity 

reduction percentage of 0.36, 0.1, and 4.0% 

respectively. This indicates that the adsorption 

of a metal ion has no significant effect on the 

other ions present in the multi-metal ion 

solution. This was attributed to the fact that at 

low concentrations, many adsorption sites 

were available for the ions, hence, the uptake 

of any particle metal ions is independent of the 

presence of other ions [14].  

As the initial solution concentration was 

increased to 35 mg L-1, the adsorption capacity 

of 8.24, 8.71, and 6.90 mg g-1 was recorded for 

Fe2+, Pb2+, and Zn2+ ions respectively in the 

single metal solutions. Their simultaneous 

adsorption however diminishes significantly in 

the mixed solution with uptake of 5.075, 7.52, 

and 3.86 mg g-1 at adsorption reduction rate 

(Δqx) of 38.41%, 13.66%, and 44.06% for 

Fe2+, Pb2+ and Zn2+ ions respectively. The 

single to multi-metal ion equilibrium 

adsorption capacity ratio for all the metal ions 

was less than 1; an indication of an 

antagonistic effect due to competition for 

adsorption sites [15].  

As the initial concentration was increased to 50 

mg L-1, the adsorption capacity of AOK for 

Fe2+, Pb2+, and Zn2+ ions was 11.786, 12.3, and 

7.33 mg g-1 in the single solution system. Their 

adsorption in the multi-metal ions solutions 

reduced to 3.85, 9.9, and 2.85 mg L-1 with an 

adsorption reduction rate of 67.33%, 19.51%, 

and 60.71 % respectively. The values obtained 

for single-multi to multi-metal ion equilibrium 

adsorption capacity ratio for all the metal ions 

were less than 1; an indication that their 

interaction is antagonistic due to competition 

for fewer available adsorption sites.       

Total metal ion adsorption capacity (qT) of 

13.615, 16.455, and 16.60 mg g-1 were 

recorded for Fe2+, Pb2+, and Zn2+ ions in the 

multi-metal ion system at initial concentrations 

of 20, 35, and 50 mg L-1 respectively. The 

results revealed that as the initial concentration 

increased, the adsorption capacity of AOK also 

increased. Adsorption capacities of adsorbents 

usually increase as the concentration of 

adsorbate increases due to the number of 

molecules interacting per unit mass of 

adsorbent. [16,17]. The adsorption of the metal 
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ions from the multi-metal solution was in the 

following order: Pb2+ (9.9 mg g-1) > Fe2+ (3.85 

mg g-1) > Zn2+ (2.85 mg g-1). This order was 

attributed to the influence of the ionic radius of 

the metal ions in the following manner: Pb2+ 

(119 pm) > Fe2+ (78 pm) > Zn2+ (74 pm). 

Literature reports [18,19] have suggested that 

the sorption order of ions in a multi-metal ion 

system is influenced by ionic radii. Hence, the 

higher the radii of ions, the higher the rate of 

adsorption. The ability of lead to easily form 

complexes as a group metal and its high atomic 

polarizability over Fe2+ and Zn2+ ions was 

another factor that may have influenced the 

higher adsorption capacity of Pb2+ ions [20]. 

The higher rate of adsorption of Fe2+ over Zn2+ 

ions was also attributed to the tendency of Fe2+ 

to displace Zn2+ from the clay edge site [21]. 

 

Table 1. Multi-metal system interaction and rate of adsorption on AOK clay   

Initial concentration (mg/L) 20 35 50 

Metal ion 𝑞𝑚

𝑞𝑠
 Δq (%) 𝑞𝑚

𝑞𝑠
 Δq (%) 𝑞𝑚

𝑞𝑠
 Δq (%) 

Fe2+ 1.0 0.36 0.62 38.41 0.33 67.33 

Pb2+ 1.0 0.1 0.86 13.66 0.80 19.51 

Zn2+ 0.96 4.0 0.56 44.06 0.39 60.71 

 

Characterization of Ammonium Oxalate 

Modified Kaolinite 

The XRD patterns of AOK showing the 

qualitative and quantitative mineralogical 

phase composition, indicated intense peaks for 

the interlayer spacing at 12.4, 25, 38.5, 55, and 

62.5 2θ respectively (Figure 1). The intensities 

of the peak were lower than the peaks for the 

purified form of the kaolinite reported in the 

previous work [22]. This is an indication that 

the modifying agents (ammonium oxalate) 

only interact with the clay at the surface and do 

not intercalate the interlayer space or affect the 

crystal structure [23]. The results of FTIR 

spectra revealed two sharp peaks at 3689.64 

and 3619.57 cm-1 which represent the 

stretching of the surface hydroxyl groups of the 

dioctahedral layer and inner hydroxyl groups 

located in the plane between the tetrahedral 

and octahedral sheets of AOK (Figure 2). The 

absorption peak at 1025.18 cm-1 was assigned 

to the O=C-O symmetric of the oxalate [24]. 

The surface morphology of AOK before the 

adsorption of the metal ions from the multi-

metal ions solution is shown in Figure 3. The 

SEM micrograph shows the orientation 

exhibits predominantly largely filmy flaked 

particles that are loosely packed with some 
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level of porosity before adsorption. After 

adsorption, the flaked particles of AOK were 

found to be dispersed (Figure 4).  

 

 

Figure 1 XRD diffractogram of AOK 

 

  

Figure 2 FTIR peak of AOK 
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Figure 3 SEM image of AOK before adsorption from multi-metal ion solution 

 

 

 

Figure 4 SEM image of AOK after adsorption from multi-metal ion 

 

CONCLUSION 

The modified kaolinite (AOK) prepared by 

treating the clay with 0.2 M ammonium 

oxalate solution and was found to be effective 

for the adsorption of heavy metal ions from 

single and multi-metal ions systems. The 
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microscopic and spectroscopic 

characterization revealed an interaction of the 

oxalate only at the surface of the kaolinite with 

some level of porosity. The AOK showed high 

adsorption capacity for both the single-metal 

ions and multi-metal ion solutions of Fe2+, 

Pb2+, and Zn2+ ions. The single to multi-metal 

system adsorption capacity ratio showed an 

antagonistic effect because of competition for 

adsorption sites as the concentration of the 

metal ions increased from 20 mg L-1 to 35 mg 

L-1 and 50 mg L-1 respectively. The order of 

adsorption of the metal ions from the multi-

metal solution (Pb2+ > Fe2+ > Zn2+) was 

attributed to the order of their ionic radius and 

displacement of the metal ions from the 

adsorption sites. The adsorption capacity of 

AOK for the simultaneous uptake of Fe2+, Pb2+, 

and Zn2+ ions from multi-system revealed that 

pure kaolinite (without any associated mineral) 

modified with ammonium oxalate is a potential 

adsorbent for removal of multi-metal ions 

wastewater with a higher affinity for Pb2+ over 

the other heavy metals. 

 

 

 

REFERENCES 

 

1. J. A. Lawal, and T. E. Anaun (2022). An 

Overview of characterization and 

treatment methods of wastewater from 

iron and steel industries. Achievers 

Journal of Scientific Research, 4(1), 152-

163. 

 

2. D. Anuradha, S. Anupam, S. and G. Rajiv 

(2013). A review on spent pickling liquor. 

International Journal of Environmental 

Sciences, 4(3), 284-295. 

 

3. Z. Xin, L. Yaxin and Z. Yi (2014). 

Removal characteristics of organics and 

nitrogen in a novel four-stage biofilm 

integrated system for enhanced treatment 

of coking wastewater under different 

HRTs. Royal Society of Chemistry 

Advances, 4, 15620-15629. 

 

4. A. Gopalakrishnan, R. Krishnan, S. 

Thangavel, G. Venugopal and S. J. Kim 

(2015). Removal of was heavy metal ions 

from pharma-effluents using graphene-

oxide nanosorbents and study of their 

adsorption kinetics. Journal of Industrial 

and Engineering Chemistry, 30, 14-19. 

 

5. A. K. Verma, R. D. Rajesh and B. 

Puspendu (2012). A review on chemical 

coagulation/flocculation technologies for 

removal of colour from textile 

wastewaters. Journal of Environmental 

Management, 93, 154-168. 

 

6. V. K. Gupta, P. J. M. Carrott, C. Ribeiro 

and T. L. Suhas (2009). Low-cost 

adsorbents growing approach to 

wastewater treatment- review. 

Environmental Science and Technology, 

39, 783-842. 

 

7. T. B. Ibigbami, F. A. Dawodu and O. J. 

Akinyeye (2016). Removal of Heavy 

Metals from Pharmaceutical Industrial 

Wastewater Effluent by Combination of 

Adsorption and Chemical Precipitation 

Methods. American Journal of Applied 

Chemistry, 4(1), 24-32. 

 

8. J. A. Lawal, E. O. Odebunmi, and F. A. 

Adekola (2023). Removal of heavy metals 

from aqueous solutions by adsorption 

using natural and ammonium carbonate 

modified kaolinite clays. South African 



J. Chem. Soc. Nigeria, Vol. 49, No. 4, pp 518 - 527 [2024] 

526 

 

Journal of Chemistry, 77, 61-73. 

https://doi.org/10.17159/0379-

4350/2023/v77a09  

 

9. F. A. Dawodu and K.G. Akpomie (2014). 

Simultaneous adsorption of Ni(II) and 

Mn(II) ions from aqueous solution unto a 

Nigerian kaolinite clay. Journal of 

Material Research and Technology, 3(2), 

129-141. 

 

10. J. A. Lawal, E. O. Odebunmi and F. A. 

Adekola (2020). Adsorption of Heavy 

Metals from Steel Processing Effluent on 

Sodium Hydroxide Modified Nigerian 

Kaolinite. ChemSearch Journal, 11(1), 35 

- 43. http://www.ajol.info/index.php/cs 

 

11. J. A. Lawal, E. O. Odebunmi and F. A. 

Adekola (2020). Adsorption of Fe2+, Pb2+, Zn2+ 

and Cr6+ ions from aqueous solutions using 

natural, ammonium oxalate and sodium 

hydroxide modified kaolinite clay. Ife Journal 

of Science, 22(3), 1-23. 

https://dx.doi.org/10.4314/ijs.v22i3.1 

 

12. R. Liu and B. Lian (2018). Non-competitive 

and competitive adsorption of Cd2+, Ni2+, and 

Cu2+ by biogenic vaterite. Science of The Total 

Environment. 

https://doi.org/10.1016/j.scitotenv.12.1  

 

13. E. I. Unuabonah, B. I. Olu-Owolabi and K. O. 

Adebowale (2016). Competitive adsorption of 

metal ions onto goethite–humic acid-modified 

kaolinite clay. International Journal of 

Environmental Science and Technology, 13, 

1043-1054. 

14. A., Sdiri, A. Higashia, T. Hattab, F. 

Jamoussic and N. Tase (2011). Evaluating 

the adsorptive capacity of 

montmorillonitic and calcareous clays on 

the removal of several heavy metals in 

aqueous systems. Chemical Engineering 

Journal, 172, 37-46. 

 

15. W. Dou, J. Liu and M. Li, Competitive 

adsorption of Cu2+ in Cu2+, Co2+ and Ni2+ 

mixed multi–metal solution onto 

graphene oxide. Journal of Molecular 

Liquids, 

https://doi.org/10.1016/j.molliq.2020.114

516. 

 

16. K. G. Bhattacharyya and S.S. Gupta 

(2011). Removal of Cu(II) by natural and 

acid-activated clays: An insight of 

adsorption isotherm, kinetic and 

thermodynamics. Desalination, 272, 66-

75. 

 

17. B. Das, N.K. Mondal, R. Bhaumik and P. 

Roy (2014). Insight into adsorption 

equilibrium, kinetics, and 

thermodynamics of lead onto alluvial soil. 

International Journal of Environmental 

Science and Technology, 11, 1101-1114. 

 

18. M. Rahm, R. Hoffmann and N. W. 

Ashcroft (2016). Atomic and ionic radii of 

elements 1-96. Chemistry European 

Journal, 22, 14625-14632 

 

19. A. Khansaa and K. Fawwaz (2018). 

Heavy metals adsorption from aqueous 

solutions onto unmodified and modified 

Jordanian kaolinite clay: batch and 

column. Techniques. American Journal of 

Applied Chemistry. 6(1), 25-34. 

 

20. M. Philip (2003). Advanced Chemistry: 

Physical and Industrial (pp. 168-170). 

Cambridge, UK: Cambridge University 

Press. 

 

21. B. Meroufel, O. Benali, M. Benyahia, M. 

A. Zenasni, A. Merlin, and B. George 

(2013). Removal of Zn (II) from aqueous 

solution onto kaolin by batch design. 

Journal of Water Resource and 

Protection, 5, 669-680. 

 

22. J. A. Lawal, O. T. Odeyemi, T. E. Anaun 

and F. H. Omotehinwa (2022). 

Characterization and Potential Industrial 

Applications of Kaolinite from Argungu, 

http://www.ajol.info/index.php/cs
https://dx.doi.org/10.4314/ijs.v22i3.1
https://doi.org/10.1016/j.molliq.2020.114516
https://doi.org/10.1016/j.molliq.2020.114516


J. Chem. Soc. Nigeria, Vol. 49, No. 4, pp 518 - 527 [2024] 

527 

 

Kebbi State, Nigeria. International 

Journal of Scientific and Engineering 

Research, 13(4), 776 – 790 

 

23. N. Banik, S.A. Jahan, S. Mostofa, H. 

Kabir, N. Sharmin, M. Rahman and S. 

Ahmed (2015). Synthesis and 

characterization of organoclay modified 

with cetylpyridinium chloride. 

Bangladesh Journal of Science and 

Industrial Research, 50(1), 65-70. 

 

24. Y. Fan, C. Zhang, J. Wu, J. Zhan and P. 

Yang, (2010). Composition and 

morphology of complicated copper 

oxalate powder. Transaction Nonferrous 

Metals Society China, 20,165-170. 

 


