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 ABSTRACT 

The adsorption of heavy metals from wastewater and aqueous solution by water hyacinth powder 

was investigated under batch experiments. The factors such as pH, contact time, particle size and 

adsorbent dose that influence adsorption efficiency were evaluated. The water hyacinth plant was 

collected from a point on Lake Victoria, Kisumu County. The stems were washed to remove any 

dirt and air dried until sufficiently dry and then dried in an oven at 110 0C overnight to remove 

all the moisture.  The dried stems were ground using pestle and mortar and sieved through 

standardized sieves of 300-2800µm to obtain the powder for the adsorption studies. The heavy 

metals in the wastewater samples were determined using Atomic Absorption Spectrophotometer 

(Model AA-6300 Shimadzu AAS). The levels of heavy metals in wastewater were in the range 

of: 1.2-75.3 ppm for lead, 0.4-87.6 ppm for chromium, 0.1-63.5 ppm for nickel, 0.5-95.5 ppm for 

zinc and 0.8-52.7 ppm for cadmium. The levels of zinc, lead and cadmium were above the limits 

set by the National Environment Management Authority (NEMA) for discharge into the 

environment (0.01 ppm for cadmium and lead, 0.5 ppm for zinc). The study showed that the 

adsorption efficiency of water hyacinth powder was higher in aqueous solution than in 

wastewater while at low metal concentrations (0.1-3.2 ppm), the adsorption efficiency was 100% 

in both wastewater and aqueous solution. The effect of particle size on adsorption showed that 

adsorption efficiency increased with decrease in particle size and followed the order: 

>425<2800, >300<425 and <300 μm for each of the concentrations. The adsorption also 

increased with pH however the optimum adsorption varied with the metal. The pH range for 

adsorption of Pb, Cr and Cd was 2-5 and 2-6 for Ni and Zn after which a plateau was reached 

and then the adsorption efficiency dropped. The adsorption also increased with contact time until 

a steady state was attained however the   optimum adsorption time varied with the metal. The 

study revealed that optimum time for adsorption of Pb was 30 minutes, 40 minutes for Cr, 80 

minutes for Ni and 60 minutes for both Cd and Zn. The adsorbent dosage increased until an 

optimum adsorption was obtained and it was observed that adsorbent dosage for Pb and Zn was 

2.5g; Cd was 3.0g; Cr was 4.0g and 4.5g for Ni. The adsorption isotherm according to Langmuir 

model fitted well the adsorption of Zn 2+, Cd2+, Ni2+ and Pb2+ in aqueous solution while the 

adsorption of Cr3+ fitted well the Freundlich model. Assessment of kinetics studies showed that 

the removal of Cd2+, Ni2+, Pb2+, Zn 2+ and Cr3+ followed pseudo first order rate equations 

according to R2 values. The characterization of water hyacinth powder by Fourier Transform 

Infrared Spectroscopy (FTIR) showed that the adsorption of heavy metals could be attributed to 

the existence of functional groups such as carboxyl, hydroxyl and carbonyl in the water hyacinth 

fibre. The study showed that water hyacinth powder is a low cost adsorbent which could be used 

to remove heavy metals from wastewater and aqueous solution. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Environmental pollution has been on the rise since industrialization began. Over the past decade 

the number of industries worldwide has increased remarkably (Tchounwou et al., 2012). These 

industries have a lot of benefits but along with them is the destruction of ecosystem. Wastewater 

released from the industries is contaminated by toxic substances such as heavy metals (Barakat, 

2011). They get into the surrounding through ejection from industrial practices since they are in 

dissolved form. Such processes involve the manufacture of agricultural products such as 

pesticides, phosphates fertilizers and herbicides, petrochemical and oil refining, mining and 

smelting, manufacture of paints and dye stuffs just to name a few(Kanwal et al., 2012). 

Emissions from automobiles and untreated domestic waste into aquatic environment also add to 

the content of heavy metals (Dipak, 2017). According to Abdullar, (2015) heavy transport and 

increased industrialization in many cities have increased discharge of wastes that contain heavy 

metals which pollute the environment upon their accumulation. 

Heavy metals in dissolved or undissolved form are carried away by water or deposited in the 

soils (Ojedokun and Olugbenga, 2016; Kumar et al., 2010). Heavy metals ions include nickel 

(Ni), chromium (Cr), platinum (Pt), mercury (Hg), Tin (Pt), bismuth (Bi) etc. They are are 

persistent, fairly soluble in water and consequently, easily absorbed into living cells (Singh et al., 

2011). Elemental mercury is absorbed directly into the body through skin contact (Park and 

Zheng 2012). Vegetables, fish, cereal crops and rice which are consumed in high amount, have 

the capacity to accumulate toxic substances such as arsenic (Daping et al., 2015). 

Heavy metal pollution poses health problems that require to be addressed (Jaishankar et. al., 

2014). These metals have dangerous effects on human body especially when their absorption 

exceeds the acceptable limits. They can cause perilous effects such as liver damage, kidney 

damage, dermatitis, damage on the circulatory and nervous system, insomnia, tumor formation, 

rheumatoid arthritis and respiratory cancer (Arif et al., 2015). Due to these and many more 
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adverse implications, not only to humanity but also to the environment there is a need for 

protection and rehabilitation of the surroundings through the elimination of heavy metals.  

According to Parmar and Thankur (2013), several techniques have been applied to get rid of 

heavy metals. These methods include use of membranes such as in reverse osmosis, 

electrochemical techniques such as electrolytic extraction and electro dialysis, ion exchange, and 

chemical precipitation. Although these methods are effective, they are costly in terms of the 

infrastructure, control systems and energy (Hegazi, 2013). According to Singh and Susan (2016) 

there are cheaper methods of eliminating heavy metals which are contained in the wastewater. 

Adsorption has become a regular technique of eliminating heavy metals contained in the 

wastewater (Singh and Susan, 2016). This method is relatively less costly, energy efficient, 

environment friendly and inexpensive (Gunatilake, 2015). Another key advantage of adsorption 

is the ease of designing, and operating (Gisi et al., 2016). Adsorption of heavy metals is very 

effective with as low concentration as 1 mg/L (Tripathi and Manju, 2015). 

Lately scientists have intensified research in wastewater purification from heavy metals using 

inexpensive sorbent material. Biological methods such as use of agricultural waste have been put 

into test and have proved useful (Agarwal and Vaishali, 2017). Rice husks, cow dung, sugarcane 

bagasse, sawdust, soybean hull and cotton hull have all successfully been utilized. The objective 

of the study was to assess the adsorption efficiency of water hyacinth as an economical adsorbent 

in the removal of selected heavy metal ions from industrial wastewater. 

1.2 Statement of the problem 

Industrial area in Nairobi is the hub to many industries in the County. These industries are 

involved in manufacturing of paint and dyes, vulcanization of rubber and plastics, manufacture 

of pesticides, fungicides, welding to produce brass sheet, vehicles repairs, galvanization etc. The 

existence of these and many other industries are of great economic importance.  

However, these industries could be releasing toxic substances in to the surroundings through 

wastewater. The released heavy metals could reach the food chain since many of the informal 

urban residents use wastewater for agricultural activities, thereby posing danger to their health 

(Abdel et al., 2011; Hegazi, 2013). 
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1.3 Objectives 

1.3.1 General objective 

The general objective of this study was to assess the adsorption efficiency of water hyacinth as a 

low cost adsorbent in the removal of selected heavy metal ions from industrial wastewater. 

1.3.2 Specific objectives 

The specific objectives of this study were: 

i) To determine the concentration of the selected heavy metal ions in the industrial 

wastewater from industrial area in Nairobi. 

ii) To determine the percentage of the adsorbed heavy metal on water hyacinth as 

influenced by:  

- pH of the medium 

- contact time  

- particle size and 

- amount of the adsorbent used 

iii) To determine the adsorption efficiency of water hyacinth in the removal of selected 

heavy metal ions.  

iv) To determine the kinetics of heavy metal adsorption on adsorbent  

v) To characterize water hyacinth powder for the presence of functional groups 

accountable for adsorption using Fourier Transform Infrared (FTIR) 

1.4 Justification and significance of the study  

Adsorption method has been widely utilized in the elimination of heavy metals contained in both 

drinking water and wastewater by utilizing activated carbon. Nonetheless, this method is costly. 

There is need therefore to devise a cheap method that uses inexpensive adsorbent. Industrial 

wastewater that is discharged to the environment through various output points could 

contaminate the surroundings due the occurrence of toxic heavy metals. This is because they are 

non-thermo degradable and over time they accumulate to lethal levels in living organisms 

(Kayastha, 2014). 

The wastewater released from industrial activities such as manufacturing of paint and dyes, 

vulcanization of rubber and plastics, manufacture of pesticides, fungicides and welding. The 
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heavy metal contamination of land and water in Nairobi dam, dumpsites and its environs have 

been reported (Ndeda and Manohar, 2014; Mulamu, 2014; Njagi et al., 2016; Onyatta et al., 

2009).Water hyacinth (Eichornia crassipes) is a menace in many dams and lakes in Kenya. 

Therefore its use as an inexpensive adsorbent to eliminate heavy metals from the wastewater 

from industrial area in Nairobi, Kenya would be one way to put it into use. The study was of 

significance since it provided information on the use of water hyacinth as a low cost adsorbent in 

the removal of heavy metal ions from the wastewater and aqueous solutions. It will also provide 

information on baseline content of the heavy metals in the wastewater. Therefore there is need to 

develop a cheap method. The adsorption efficiency of water hyacinth would provide a 

remediation strategy to control heavy metal ejection into the surroundings.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Heavy metals in the environment 

Heavy metals are poisonous and destructive contaminants that are released into the environment 

from industrial activities (Kamar et al., 2014). Their density is usually higher (4-5 times) than 

that of water (Chibuike and Obiora, 2014; Tchounwou et al., 2012). They can penetrate into 

human body via contact, breathing and food consumption (Monachese et al., 2012). Heavy 

metals pile up in the soils, water as well as bio-accumulate in living organism without being 

broken down (Govind and Madhuri, 2014; Schalow et al., 2007). Bioaccumulation refers to the 

chemical increase in an organism in comparison to the surrounding over time (Kandziora-Ciupa 

et al., 2017). 

Heavy metals affect human beings and animals because they are non-biodegradable. Heavy 

metal accumulation causes various diseases and disorders (Achparaki et al., 2012). Heavy metals 

also form bonds with sulphur groups in the enzymes hence interrupting enzymatic functions and 

can cause various diseases and disorders (Ojedokun and Olugbenga, 2016; Oves et al., 2016). 

Heavy metals form part of the earth’s crust where they contribute to the balance of the planet 

(Vodyanitskii, 2016). According to Rehman et al., (2018) natural activities (weathering and 

volcanicity) and  anthropogenic activities (mining) could be responsible for bringing heavy 

metals to the earth’s surface from deep earth’s crust hence exposing living organism to 

contamination. Once on the earth’s surface they can occur in the soils, air, rock and aqueous 

ecosystems (Shaban et al., 2016).   

2.2 Water hyacinth in aquatic system 

Water hyacinth is a hydrophyte that thrives in water and contaminates the water. Figure 2.1 

shows water hyacinth thriving on Lake Victoria. 
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Figure 2.1- water hyacinth cover on the lake-shore of Lake Victoria (Source: UNEP, 2013) 

The invasion of water hyacinth in the ecological systems reduces aquatic biodiversity, reduces 

fishing ground and clogs water ways and forms excellent mosquito breeding site (Anzeze et al., 

2014; Villamagna and Murphy, 2010). 

2.3 Heavy metal contamination in the environment 

The heavy metal contamination in selected environments is described below. 

2.3.1 Heavy metal contamination in soils 

High level heavy metal contamination of soils is of concern because the metals are able to build 

up in the food chain thereby causing health risks to human beings. Soil is an important asset to 

mankind. However, some of the anthropogenic activities have been responsible for the soil 

contamination (Garbuio et al., 2012; Akbari et al., 2017). They exist as free ions or organic or 

inorganic metal ligands that can either be taken up by plants thereby increasing their chances of 

entering the food chain. According to Jaishankar et al., (2014) these toxic substances can remain 

on the rocks or beneath organic matter or they can be transported through the soil to ground 

water. The application of phosphate fertilizers has been shown to enhance cadmium release from 

soils (Onyatta and Huang, 2005) while the use of sewage sludge and bio-solids as manure are 

known to increase heavy metal concentration in soils (Echem, 2014). 
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Their toxicity, mobility and solubility can be altered by microorganisms common in the soils 

(Baran and Tarnawski, 2015). The microorganisms facilitate mechanisms such methylation, 

dimethylation and oxidation-reduction processes that transform the toxic substances (Fashola et 

al., 2016). The Organic (methylated) form of Hg is more poisonous than the inorganic form 

(Zimmermann et al., 2013). Methylation by microorganisms is highly preferred in soils of low 

pH (Frohne et al., 2012). Soil contamination in most cases occurs near roads, industrial areas and 

areas where intensive agricultural activities are carried out (Jiao et al., 2015). They have the 

ability to move in the soils. Their movement depends on bonding, metal properties and soil 

properties (Wauna and Okieimen, 2011; Arshadi et al., 2014). 

2.3.2 Contamination of water by heavy metals 

Pollution of water sources is mainly attributed to urbanization, industrialization, agriculture, 

municipal effluents and increase in population (Waseem et al., 2014; Abbas et al., 2017). 

Contaminated water is unsuitable for consumption, recreational activities, wildlife, industrial use 

and agriculture (Dipak, 2017). In the aquatic environment, heavy metals occur as colloids, 

complexes and dissolved ions (Angelovicova and Fazekasova, 2014; Ahenda et al., 2019). Water 

pollution can be in the form of foul smell, dissolved chemicals, colloidal suspensions and high 

temperatures (Kant, 2012).   

Heavy metals get into aquatic environment either through natural occurrences such as chemical 

weathering and soil leaching or through human activities (Ogunkule et al., 2016). Once they are 

in the environment, the metals can undergo complexation, chelation and hydrolysis which alter 

their distribution and availability (Tchounwou et al., 2012). The accumulative and toxic nature of 

metals influences the water species as well as disrupting the ecosystem (Govind and Madhuri, 

2014; Garba et al., 2016). Use of water containing heavy metals for consumption, irrigation puts 

human kind at risk of developing heavy metal related diseases and disorders (Balkhair and 

Ashraf, 2015).  

Water is an essential commodity to human being hence there is need to develop efficient 

techniques for assessment and purification of water (Clark et al., 2012).The standard limits in 

drinking water according to the national and internal organizations are provided in Table 2.1. 
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Table 2.1 Limits for selected heavy metals (mg/L) in drinking water according to different 

National and International Organizations 

Parameters Maximum permissible levels in mg/L 

 NEMA WHO EU USEPA 

Cadmium  0.0100 0.0050 0.0050 0.0050 

Lead 0.0500 0.0100 0.0100 0.0100 

Nickel NA 0.0200 0.0200 0.1000 

Chromium NA 0.0500 0.0500 0.1000 

Zinc 1.5000 5.0000 NA 5.0000 

Source: Mebrahtu and Zerabruk (2011)  

NA: Not available 

2.3.3 Heavy metals in industrial air 

Heavy metals get into atmosphere mainly through combustion, mining and smoking where they 

occur in the form of gases, vapor and dust particles. Smoking of nickel and cadmium containing 

cigarettes (one cigar has 1-2 microgram of Cd and Ni) contributes to the presence of cadmium 

and nickel in air since the smoke contains cadmium and nickel particles (Balkhair and Ashraf, 

2015). Lead gets into the atmosphere through the use of leaded paints, smelting of lead and 

burning of leaded waste such as old batteries (Wani et al., 2015). Chromium is released into the 

atmosphere by industries involved in chrome plating, steel manufacturing and leather tanning 

(Sun et al., 2015). Chromium is also released into air after coal burning especially by plants that 

burn coal to produce electricity (Sun et al., 2015; Mousavi et al., 2009). Zinc gets in the air from 

tyre wear while cadmium and lead pollute air when they are emitted from industrial activities 

(Abdullar, 2015). 

 

2.3.4 Heavy metals in wastewater 

Industrialization is the major contributor of heavy metals in the industrial wastewaters. These 

pollutants in wastewaters come from anthropogenic industrial activities (Mbui et al., 2014). The 

major source in wastewater include industries dealing with steel production, welding, paint 
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manufacturing, manufacturing of hydrogenated vegetable oils etc (Ngugi, 2014). The pollutants 

can be grouped into the following: organic matter such as sludge, inorganic particles such as 

minerals and biological particles such as fungi spores (Azimi et al., 2017). The continued release 

of wastewaters to the surroundings, the concentration of heavy metals has been on the rise 

(Abdullar, 2015). The standard limits of heavy metals in industrial waste-water according to the 

National and Internal Organizations are provided in Table 2.2. 

Table 2.2 Limits for selected heavy metals (mg/L) in industrial wastewater according to different 

National and International Organizations 

Parameters Maximum permissible levels in mg/L 

 NEMA WHO EU USEPA 

Cadmium  0.01 0.10 0.01 0.01 

Lead 0.01 0.10 0.05 0.05 

Nickel NA 0.02 0.01 0.01 

Chromium NA 0.10 0.05 0.05 

Zinc 0.50 2.00 2.00 0.50 

Source: NEMA (2006) 

NA-Not available 

2.4 Health effects of heavy metals 

Human exposure to heavy metal contamination has mainly been propelled by Industrial activities 

such as metal processing, nuclear power generation, petroleum combustion, coal burning, paper 

processing, military testing of ballistic missiles and vehicular emissions (Guan et al., 2014; 

Mahurpawar, 2015). The heavy metals effects on human being, depends on the type of heavy 

metal that one is exposed to and whether the duration of exposure was short or long (Ahenda et 

al., 2019;Ngah and Hanafiah, 2008a). Copper, chromium, manganese, zinc, magnesium and 

nickel are essential for various biochemical functions such as phosphorylation and glycolysis 

hence inadequate supply of these heavy metals results to diseases and disorders (Tchounwou et 

al., 2012). 
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In the hydrological cycle, heavy metals are carried by sediments (Chiba et al., 2011). The 

sediments are consumed by benthic organisms such as crabs enhancing the potential of heavy 

metal entry into the food chain (Chiba et al., 2011). The following metals have adverse health 

effects on human: 

2.4.1 Cadmium 

Its atomic number is 48 hence it belongs to period 5 and group 12. It is silver-white, hexagonal 

crystal whose preferred oxidation state is +2 (Lane et al., 2015).  Cadmium is a chemical element 

whose chemical symbol is Cd. Cadmium is a d-block element with a density of 8.64 g/cm3. The 

melting point and boiling point of Cd is 321 0C and 766 0C respectively. Cadmium mostly occurs 

as a mineral called greenockite (CdS) (Murithi et al., (2014). 

Exposure to cadmium has varied hazardous effects. Cadmium causes kidney poisoning, nausea 

and respiratory problems (Johri et al., 2010). It also causes the destruction of mucus producing 

membranes, liver dysfunction, cadmium induced pnemontitis (lung tissue inflammation) and 

prostate cancer (Benhoft, 2013). It is teratogenic (Velazquez et al., 2013). Teratogen is any 

substance that alters the normal growth and development of embryo and can cause birth defects 

in a child (Gernand et al., 2016). 

2.4.2 Lead 

It occurs naturally as PbSO4, PbS, PbCO3 (Wauna and Okieimen, 2011). It is silvery metal that is 

very toxic and can affect all body parts (Jaishankar et al., 2014). It has face-centered crystalline 

structure. Lead has a melting point and boiling point of 327 0C and 1749 0C respectively 

(Jaishankar et al., 2014). Lead is mostly found in storage batteries, soldering materials, paints, 

cable cladding and ammunition such as lead bullets. 

Exposure to lead is known to cause lead poisoning characterized by symptoms such as nausea, 

brain damage, headache, death, abdominal pain and swelling of optic nerve (Jaishankar et al., 

2014).In children it lowers the IQ, causes convulsions while in adults it causes memory loss, 

damages reproductive organs, nephropathy (damage of kidney), insomnia (inability to sleep),  
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anorexia (lack of food appetite), abdominal pain and high blood pressure (Wauna and Okieimen, 

2011). 

2.4.3 Nickel 

Nickel has atomic number 28 with chemical symbol Ni. It is found in group 10 and period 4. 

Nickel is a d-block element with a density of 8.90 g/cm3. The metal melts and boils at 1455 0C 

and 2913 0C respectively. It has a slight golden tinge. Nickel occurs in small quantities on the 

earth’s surface especially in ultramafic rocks (Michaela et al., 2016). Mostly Nickel occurs in 

nickel iron meteorites. 

Nickel is an important catalyst in the manufacture of hydrogenated vegetable oil (Babaee et al., 

2007). It is used in medical equipment, making of jewelry, manufacture of stainless steel, 

batteries and coin manufacture (Tasker et al., 2014). One of the ways nickel gets in the body is 

inhalation of smoke from tobacco containing nickel (Cameron et al., 2011). Other ways in which 

nickel gets in the body are consumption of food and drinking of water (Tasker et al., 2014). Once 

in the body nickel mostly moves through the blood stream into the kidney (Babaee et al., 2007). 

Exposure to nickel has varied effects which include nickel poisoning characterized by headache, 

fever, abdominal pain, nausea, skin irritation, rapid cough, dizziness, sweating etc. (Michaela et 

al., 2016). Nickel causes lung cancer, asthma and heart attack (Mahurpawar, 2015). 

2.4.4 Zinc 

Zinc has atomic number 30 with chemical symbol Zn. It belongs to period 4 and group 12. It is a 

d-block metal whose density of 7.15 g/cm3. 

The metal melts and boils at 419 0C and 907 0C respectively. Zinc occurs as a mineral in nature. 

It is a bluish-white shiny diamagnetic metal whose concentration has been on the rise due to coal 

burning, steel production and processing. Zinc ions are important in regulating the immune 

system function by activating the T-cells (they attack the affected body cells and regulate the 

immune responses) in the body (Deshpande et al., 2012). Zinc is vital for good health as it helps 

cells to divide and repair (Gower et al., 2013). It is very vital in the treatment of diarrhea (WHO, 

2011). Rehydration being the first step in treatment of diarrhea, involves the use of oral 

rehydration solution (water that contains glucose, salt and zinc supplements) that help reduce the 

severity of diarrhea especially in children (Henry et al., 2014). Zinc is also crucial in hormonal 
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balance and acts as an antioxidant in the body, therefore, small deficiency of zinc in our bodies 

can cause diseases such as diabetes and infertility, hair loss, poor concentration and memory loss 

(Guo and Katta, 2017). 

Excess zinc concentration in our bodies can result in heavy metal poisoning, nausea and 

vomiting, headaches, loss of appetite stomach upsets, dizziness and lowered immune function 

(Plum et al., 2010). Excess ingestion of the metal causes kidney stones (accumulation of 

minerals in kidney) resulting in severe pain and can block ureter (Tang et al., 2010). 

2.4.5 Chromium 

Chromium has atomic number 24 with chemical symbol Cr. Chromium is soft and malleable d-

block element with a density of 7.19 g/cm3. It occurs on the earth’s crust as a chromite 

(FeCr2O4). Chromium has a melting point and boiling point of 1907 0C and 2671 0C respectively. 

Chromium (VI) is used in several industrial processes which include: skin tanning, manufacture 

of stainless steel, electroplating of metals to prevent corrosion, production of pigments, metal 

alloys, etc. Improper discharge of waste from such processes results to pollution of natural water 

resources (Sarin and Pant, 2006). Cr (VI) is toxic, can cause genetic change and induce cancer 

when inhaled (Mamybaev et al., 2015). Its presence in the environment is of public health 

concern as it poses danger to aquatic life.  

2.5 Removal of heavy metals by adsorption on adsorbents 

This is an economic, environmental friendly method of removing heavy metals from wastewater. 

It involves movement of substance from liquid phase to solid phase. The transferred substance is 

bound by chemical or physical interactions (Tripathi and Manju, 2015). Adsorption mainly is 

used in purification of gases or liquid. The adsorbing material is known as adsorbent. The 

material being adsorbed is called adsorbate (Gisi et al., 2016). In chemical adsorption the 

adsorbate and adsorbent react (Hegazi, 2014; (Addagalla et al., 2009). The interaction between 

the two is characterized by strong covalent or ionic bond. The chemical adsorption is also called 

chemisorption while physical adsorption is also called physisorption (Gisi et al., 2016).  
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2.6 Types of adsorbents 

These include activated carbon, silica gel, zeolites, clay, nanoparticles, biological wastes, 

exchange resins and water hyacinth. 

2.6.1 Activated carbon 

It is an organic material that forms a porous medium for adsorption. The structure of this 

medium is composite .The building blocks in this structure are carbon atoms. Activated carbon 

can remove substances such as dyes and pesticides as well as in the purification of waste-water  

(Kilpimaa et al., 2014). This is because it is extremely effective in cadmium, lead and zinc 

removal. The removal of pollutants such as chlorinated hydrocarbons, purification of helium, 

removal of phenols, removal of gas odors and removal of nitrogen from air have all utilized 

activated carbon (Addagalla et al., (2009). 

2.6.2 Silica gel 

This is a porous form of silica. It’s mainly used to control moisture because of its high ability to 

absorb water vapor (Astrini et al., 2015). Silica gel is also used to control moisture in shoes 

boxes and removal of moisture from transformer oils and gases. Silica gel is widely used since it 

is cheap and can be regenerated (Hameed et al., 2009).  

2.6.3 Zeolites 

It occurs naturally in the form of crystalline alumina that can be used in the adsorption of organic 

molecules from a gaseous phase. Zeolites have high water uptake since it has an extensive 

surface area. Zeolite is used in industries to purify hydrogen gas. 

It’s also used to recover carbon dioxide. In petroleum manufacturing normal paraffin is separated 

from branched paraffin by the use of Zeolites through adsorption. Clinoptitolite and bentonite 

which is a form of Zeolite has been reported as an proficient adsorbent in the purification since it 

adsorbs the heavy metals (Terdkiatburana et al., 2009; Mbui et al., 2014). 

2.6.4 Clay minerals and oxides 

They are available in nature and widely used because of their ability to adsorb all types of 

species. They adsorb cations such Cu2+, anions such as N2+ and neutral metallic species. Clay can 

be categorized into three; mica, smectite, kaolinite and montmorillonite. Although they are 
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readily available, they are less efficient in the adsorption of heavy metals when compared with 

Zeolites. 

2.6.5 Nanomaterial 

Nanomaterial is porous material whose pore diameter is less than 200 nm. These materials pose 

special properties such as distinctive surface, structure properties such as crystallinity and defect. 

Nano materials are used in processes such as ion exchange, catalysis and separation. 

Nanomaterials are efficient in adsorption although it is expensive (Kragovic et al., 2013). Most 

of the nanomaterials that have been used as an adsorbent include carbon nano-tube, activated 

carbon and graphene. 

2.6.6 Agricultural by-products and biological waste 

Agricultural by-products and biological wastes have been utilized in adsorption of heavy metals. 

They are readily available, requires modest processing, economical, selective adsorption and 

easy to generate. Agricultural by-products such as pecan shell, coconut shell, rice husks, cow 

dung and maize cob have all been used effectively (Barakat, 2011). 

 

2.6.7 Ion exchange resins 

These are organic materials (polymer) that have the ability to substitute ions within them with 

ions in a solution. This occurs when a solution containing ions is passed through the polymer. 

Resins can either be anionic or cationic. Anionic resins are negatively charged.  As the solution 

passes through the resin, the positively charged ions in the solution are trapped since the resin is 

negatively charged (Bai and Bartkiewcz, 2009). Anionic resins are either a weak or a strong acid. 

Cationic resins are positively charged. They trap the negatively charged ions in the solution. The 

ion exchange resin is used in water softening to substitute Mg2+ and Ca2+ with Na+ converting 

hard water to soft water (Fil et al., 2012). In this case the resin is regenerated by rinsing it with a 

solution whose concentration of sodium ions is high. Resins are also used to purify water. In 

such a case the poisonous heavy metal ions are replaced with ions such as potassium. Water 

containing no mineral content is purified using a resin that contains H+ and OH- in order to 

replace anions and cations. 
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2.6.8 Water hyacinth 

The plant can be planted in the contaminated soils to absorb the heavy metal ions (Lissy and 

Madhu, 2011).The plant can also be harvested, dried and ground into powder before dispensing 

it in water that is contaminated by the heavy metal. Water hyacinth powder should be allowed 

time in the contaminated water for adsorption to occur, before the water can be used. The 

constituents of water hyacinth is cellulose (30-50%), hemicelluloses (20-40%) and lignin (15-

30%) (Murithi et al., 2014) The cellulose contains functional groups such as O-H, which are 

involved in adsorption through deprotonation (Anah and Astrini, 2018) 

2.7 Low cost adsorbents 

These types of adsorbents provide cheap and readily available material to use as adsorbents. The 

adsorbents that have been used successfully include sawdust, rice husks, banana peels, cashew 

nut shell, sugarcane bagasse, clay, zeolites, orange peel coconut shell etc. These adsorbents are 

cleaned and ground to the desired particle sizes before being used for adsorption while others are 

modified using modification techniques to improve the active sites (Gisi et al., 2016). Adsorption 

has several advantages such as metal recovery, metal selectivity, regeneration of the adsorbent 

material and its effectiveness (Tripathi and Manju, 2015). 

Comparative study on efficiency of  water hyacinth, water lettuce and vetier grass showed that 

the three plants have different abilities to eliminate water contaminants and the ability of each 

plant is influenced by factors such as climate, temperature, etc. (Gupta et al., 2012).  

2.8 Heavy metal analysis using Atomic Absorption Spectrometer (AAS) 

AAS is an important analytical instrument which is used to quantify a chemical species by 

measuring the absorbed radiation. The working principle of the AAS is based on the following 

theory. 

2.8.1Theory of atomic absorption spectrometry 

Atomic absorption occurs when an atom in ground state absorbs radiation of a specific 

wavelength elevating the atom to excited state. The determination of the quantity of an element 

in the sample requires one to determine the basis for comparison using standards of known 

concentration. This is done by making a calibration curve.  
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Atomic absorption involves the use of a flame. One of the processes that occurs in the flame is 

atomization. This step involves conversion of the metal ions present in the sample into metal 

atoms (Pereira-Filho, 2002). When a flame cell containing sodium chloride solution is set in the 

flame, evaporation of the solvent occurs, leaving behind a crystalline solid of sodium chloride. 

Upon evaporation, the sodium chloride crystals are dissociated into ground state atoms (Donati et 

al., 2006). This process is called atomization. Consequently, it’s the atoms that are present in the 

flame and not the ions. Because most of these atoms are in their ground state, they take in 

enough energy from the flame hence they are promoted to excited state (Peng et al., 2012). 

Therefore there are many atoms present in the flame to be promoted to excited state by other 

means such as the use of ray of light. AAS uses a beam of light to promote the ground state 

atoms in the flame into excited state (Gaspar, et al., 2000). The amount of light absorbed (as the 

ground state atoms are promoted to excited state) is measured.  

The amount of light absorbed and concentration are then related (Aleixo et al., 2004). The key 

elements of the AAS are shown in the Figure 2.2 below. 

 

 

 

Figure 2.2: The fundamental parts of the atomic absorption spectrometer (Source: García and 

Baez, 2012) 
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The light source in AAS is known as the hollow cathode lamp. It is a lamp designed to give out 

exactly the wavelength needed for analysis. Light emitted is directed at the centre of the flame 

where the sample is placed. The sample is aspirated in a technique analogous to flame 

photometry. The flame is wide enough to give a long path length .This allows detection of little 

concentrations of the metal atoms in the flame.  

The beam of light past the flame enters the monochromator. The monochromator is then set to 

the same wavelength as the one absorbed by the sample. Light intensity is then measured by the 

detector, upon adjusting for the blank. Measured light intensity is output of the readout. 

This absorption follows the Beer-lamberts law where the unknown concentrations are 

determined. Beer-Lambert’s law is expressed as in Equation 2.1. 

A= a l c                    (2.1) 

where, A-absorbance, a-absorptivity of the atomic species, l- lightpath and c- concentration of 

absorbing species.  

The beam of light originating from the source passes through mechanical choppers (rotating half 

mirrors). The detector perceives interchanging light intensities. At one instance, the light 

intensity of the flame is detected and read. At that moment the beam from the source has been 

stopped by the rotating half mirrors. At another instance the intensity of the flame emission and 

that of the beam from the source are detected and read. At such instance the half rotating mirrors 

allows the beam from the source to pass. The detector is designed such that it measures the 

difference between the total signal and the transmitted signal. This difference which is measured 

is called transmittance, T. The readout, however, displays absorbance, A.  

In AAS there is also the use of double beam instruments. In this case the mechanical choppers 

split the beam from the source into two. The beam directed through the flame is called sample 

beam while the beam that by-passes the flame is called reference beam. In double beam AAS the 

reference beam is meant to monitor the energy of the lamp while the sample beam shows 

absorption by the sample. The absorbance measured in this case is the ratio of the intensity of  

reference beam and sample beam. The double beam AAS design eliminates variations due to 

fluctuations in the light intensity at the source. Figure 2.3 shows a binary beam AAS  
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  Figure 2.3: Dual beam AAS (Source: García and Baez, 2012) 

2.9 Components of atomic absorption spectrometer 

The components include cathode lamp, flame, burner, monochromator and detector 

2.9.1 Hollow cathode lamps 

It is the source of light. It is a lamp designed to give out precisely the light needed for analysis. 

This is done by making sure that the lamp being used is of the same metal as the one being 

analyzed in the sample. This ensures that the lamp has similar atoms to the ones being tested in 

the sample. The atoms within the lamp absorb sufficient energy when the lamp is switched on. 

The energy promotes the atoms in ground state to excited state. The atoms then return from 

excited state to their ground state emitting energy. The metal atoms in the sample absorb the 

wavelength from the hollow cathode lamp since the energy gap is the same. Figure 2.4 shows 

how the hollow cathode lamp works.  
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The Figure 2.4 Absorption of the wavelength emitted from the hollow cathode lamp (Source: 

García and Baez, 2012) 

 

The lamp to be used for analysis must have the same element as the one contained in the sample. 

A classical AAS laboratory has diverse lamps stored such that they can be interchanged based on 

the metal to be analyzed. In some cases there are multi-elemental lamps. These kinds of lamps 

contain different but specific atoms that are excited once the lamp has been switched on. Light in 

the form of spectral lines is emitted when the atoms go back to ground state. In such a case 

interference does not occur provided that the beam for any metal can be established and clearly 

alienated from the other lines by the monochromator. 

The lamp is covered with a glass envelope that is full with an inert gas such as neon. When the 

lamp is switched on, the gas atoms get ionized as shown in Figure 2.5. Upon ionization the gas 

ions hit the cathode while the electrons move to the anode. The bombardment of the electron 

causes the metal atoms to be excited and driven out from the cathode. 
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Figure 2.5.The excitation mechanism of a typical multi-element lamp (Source: Nicolas et al, 

2013) 

 

Upon their return from excited state to their ground state, a typical line spectrum is released by 

those atoms. The spectrum released is then directed to the centre of the flame. In the flame, all 

the atoms in the ground state, belonging to the same element are excited upon absorption of the 

radiation. The measured absorbance is then related to concentration. 

2.9.2 Flames 

Flames in AAS are facilitated by an oxidant and fuel. In AAS, acetylene is used as a fuel while 

air is the oxidant. A temperature of about 2300 K is attainable when using the air-acetylene 

flame. Oxygen-acetylene flame can also be used since it has a temperature of about 3100 K, but 

such a flame burn very fast hindering complete atomization, therefore affecting sensitivity of 

AAS. Another oxidant that is used reasonably is dinitrogen oxide, N2O. The N2O-acetylene 

flame burns slowly at about 2900 K. 

The flame to be used in AAS for analysis is determined by the velocity at which the flame burns 

and the temperature produced by the flame. The most generally used type of flame is air-

acetylene. 

2.9.3 Burners 

The burners that are mostly used in flame atomization are of two types. The first type of burner 

is called total consumption burner. The sample meets the fuel and oxidants at the bottom of the 
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flame in this type of burner. The three are then pressurized to the flame. The fuel gas combined 

with oxidant is then passed through the burner head at a high velocity that forms a vacuum in the 

capillary tube. The sample rises through the sample line into the flame due to pressure 

difference. Total consumption burner is never used in AAS but it is widely used in flame 

photometry. The flame produced by this burner is unstable and non-homogenous making it 

ineffective in AAS (Figure 2.6.). 

 

Figure 2.6 Total consumption burner (Source: Nicolas et al, 2013) 

The other type of burner that is used in AAS is called premix burner. In this burner, a mixture of 

the sample oxidant and the fuel gas is made. A sequence of baffles is then used to introduce the 

mixture into the flame. 

A mixture of fuel gas and oxidant is passed through the burner head at a high velocity that forms 

a vacuum in the capillary tube. The sample rises through the sample line into the flame due to 

pressure difference. Premix burner has a drain line that is used to remove the droplets of the 

sample solution that do not get to the flame (Figure 2.7).  
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Figure 2.7: Design diagram of premix burner (Source: Nicolas et al, 2013) 

AAS are designed in a way that allows the user to have several burner heads depending on 

combination of velocity and temperatures of the flame. A mixture that burns quickly would call 

for a burner head designed with a smaller slot to avoid explosion. 

 

2.9.4 Monochromator 

This disperses the incident beam of light and allows a narrow band of wavelength of light to 

reach the detector. 

2.9.5 Detector 

The detector generates signals proportional to the amount of light received hence determining the 

intensity of the photons received. It measures transmittance and absorbance.  

Absorbance is the amount of light absorbed by the sample while transmittance refers to 

remaining amount of light which goes to the detector from the sample. 
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2.10 Kinetic models for heavy metal adsorption 

Kinetics of heavy metal adsorption on the water hyacinth biomass in aqueous solution was 

assessed so that one may understand how adsorption took place. The heavy metal adsorption or 

release in an aqueous solution could be represented as follows: 

Sf(Me) + H+ (solution)  ↔ Sf (adsorbent) + Me(solution)   (2.2) 

where Sf represents the different adsorption sites on the adsorbent where the metal, Me can be 

retained. The adsorption of the metal on the sites could be enhanced by both physical and 

chemical characteristics of the medium (Mbui et al., 2014). Langmuir and Frendlich isotherms 

have been applied on heavy metal adsorption studies. The Langmuir isotherm assumes that the 

adsorbing material has a definite number of active spots which are evenly distributed (Jeppu and 

Clement, 2012). Langmuir model assumes that adsorption is a reversible process while the 

Freundlich isotherm describes the multilayer adsorption (Nimibofa et al., 2017) 

 

2.11 Characterization of the adsorbent using Fourier-Transform Infrared 

The infrared light, which is part of electromagnetic spectrum, is used to scan test samples and 

observe chemical properties. The basis of FTIR is that molecules have different chemical bonds 

which vibrate at specific frequencies (Griffiths and de Hasseth, 2007). These frequencies occur 

between 4000 cm-1-200 cm-1 in the infrared region. When infrared radiation is directed to a 

sample it is either absorbed or transmitted. The frequencies at which the radiations are absorbed 

by the sample correspond to the molecular vibrational frequencies (Griffiths and Holmes, 2002).  

A plot of the energy absorbed by the sample vs frequency is referred to as infrared spectrum. 

Different materials have different infrared spectra. This makes the identification of different 

substances easier. The frequency of absorptions is important in determining the presence or 

absence of a chemical group. FTIR saves time in comparison to dispersive instrument. This is 

because the scanning process of a sample in FTIR uses an interferometer. The signal which is 

produced by the interferometer contains every infrared frequency, hence all infrared frequencies 

can be scanned simultaneously (Alben, 1996). Therefore the time aspect in FTIR is reduced. 
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The dispersive instrument scans one infrared at a time hence it is time consuming. The 

interferometer uses a beam splitter that partitions the radiation into two. One beam is reflected by 

a mirror in motion while the other is reflected a mirror in a fixed place. The beam splitter then 

recombines the two beams. The path length of one beam is varying while the path length of the 

other beam is constant hence the signal (interferrogram) exiting the interferometer is as a result 

of two beams obstructing one another (Goormaaghtigh et al., 2006). The interferogram is unique 

since every data point has information pertaining every infrared from the source (Khurana and 

Fink, 2000). This further means that as the signal is measured; all the infrared frequencies are 

measured concurrently (Chen et al., 2010). The measured signal is then decoded by a computer 

through a mathematical technique called Fourier transformation. The results of transformation 

are spectra which can be interpreted. 

2.12 Components of Fourier Transform Infrared Spectrometer 

The components of FTIR which are shown in Figure 2.8 include: infrared source, interferometer, 

sample, detector and Computer  

 

 

 

 

 

 

     Figure 2.8: Components of FTIR  

 

Radiation from the source is transmitted through an aperture. The aperture controls the amount 

emitted. This then passes through the interferometer which is a device that is responsible for the 

spectra “encoding”.  
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The bean is then directed to the sample which contains the molecules with functional groups to 

be determined. The beam is then transmitted through the sample or reflected by the detector 

where light is changed to electrical energy that can be measured and interpreted by computer that 

transforms it to a digital signal.  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study site 

Nairobi is the capital and largest city in Kenya. It is located in Nairobi County with latitude 

1.4523-1.16570 S and longitude 36.8219- 37.16010 E. Nairobi occupies an area of 696 km2. It is 

1661 m above the sea level with tolerable temperatures throughout the year (CBS, 2001). Nairobi 

has a population of 4,410,000 (Kenya National Bureau of Statistics, 2017). Nairobi River, Ngong 

River and Mathare River are the major rivers which traverse through the County. It is the centre 

for executive and economic activities in Kenya (Alukwe, 2016). It is the home to industries such 

as food processing, fertilizer manufacturing, paints manufacturing, textile and clothing, battery 

manufacturing etc. Urban planning has been a problem in Nairobi, with most of the residents 

living in the informal settlements. On average there are 6336 people/km2 in Nairobi (KNBS, 

2017). According to UNEP, (2005), the high influx of people in Nairobi in search of employment 

has not only hindered development in the City but also greatly contributed to pollution. Increased 

industrialization has not only contributed heavily to soil but also air and water pollution. Figure 

3.1 shows the map of Nairobi divided into divisions. 
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Figure 3.1: The map of Nairobi (Source: Alukwe, 2016) 

 

3.2 Collection of the samples 

Samples of wastewater were collected from Site A-Battery manufacturing Company (1.30520 S, 

36.85370 E), Site B –Paints manufacturing Company  (1.31200 S, 36.854900 E), Site C – Steel 

manufacturing Company (1.307260 S, 36.828410 E) and Site D- Plastics manufacturing 

Company (1.318540 S, 36.865300 E) located in Embakasi and Makadara Divisions in Nairobi 

County. The sampling sites are shown in Figure 3.2. Wastewater samples were collected at the 

exit points of the release tunnels from the industries.  
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Figure 3.2 A map of sampling points in industrial area, Nairobi Kenya  

Sampling was done using pre-cleaned polyethylene bottles that had been washed with distilled 

water and rinsed with HNO3 and labeled (Sample A- for the sample collected from Battery 

manufacturing Company, sample B- for the sample collected from Paints manufacturing 

Company, C – for the sample collected from Steel manufacturing Company and sample D- for 

the sample collected from Plastics manufacturing Company). The samples were then stored in a 

refrigerator for subsequent analysis.  

3.3 Adsorbent collection and preparation  

Water hyacinth was collected from a beach point on Lake Victoria as shown in Figure 3.3.  
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Figure 3.3 Collection of water hyacinth from a point on Lake Vitoria 

The water hyacinth stems were sliced into minute bits and cleaned completely with water in 

order to eliminate dust and other contaminants. Distilled water was then used to rinse and the 

stems dried until they were sufficiently dry. The water hyacinth pieces were further oven dried at 

110 0C for a day to remove moisture completely. The dry fractions of the water hyacinth stem 

were ground into powder using mortar and pestle into various particle sizes. The particles were 

sieved and graded using three sieves (300, 425 and 2800 µm) and then stored for subsequent use. 

The ground water hyacinth is shown in Figure 3.4 
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Figure 3.4: Ground water hyacinth sample (300 µm) 

3.4 Apparatus and reagents 

3.4.1 Apparatus 

All volume measurements were done using pipette (20ml), volumetric flasks (100ml and 

1000ml). 500 ml beakers were used for the adsorption processes. All the masses were weighed 

using an analytical balance (Model Mettler Toledo XS105). The pH measurements in the study 

were done using pH meter (Model HANNA HI 22091).  

Samples in the study were stirred using SB 302 stirrer at 300 rpm. Gravity filtration of the 

samples was done using Whatmann Filter Paper No. 40. The filtrate was analyzed using Atomic 

Absorption Spectrometer (Model AA-6300 SHIMADZU). Mercury thermometer was used to 

monitor the temperature changes during the adsorption processes. Distilled water was used 

throughout the study. 
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3.4.2 Reagents 

All reagents used in the study were of analytical grade. The reagents were provided by 

Chemoquip Limited. The reagents are summarized in Table 3.1 

Table 3.1 Quantity and purity of the reagents used in the study 

Reagent Quantity Purity 

Pb (NO3)2 500 g 98% 

Zn (NO3)2. 6H2O 500 g 96% 

3CdSO4.8H2O 500 g 98% 

Cr (NO3)3. 9H2O 500 g 97% 

Ni (NO3). 6H20 500 g 98% 

Whatmann Filter Paper No. 40 5 packets - 

 

3.5 Experimental procedure 

3.5.1 Digestion of wastewater samples 

300 ml of the wastewater samples were first treated with 3 ml dilute nitric acid, shaken 

thoroughly and allowed to stand for 24 hrs to allow the metal adsorbed to the walls of the 

container to re-dissolve. The samples were gravity filtered using Whatmann filter paper no. 40 

and plastic filter funnels in order to eliminate turbidity. The filtrate was shaken and 100ml 

transferred into a beaker using a 100 ml volumetric flask. 3.0 ml of acquaregia was added to the 

100 ml sample. The resulting mixture was covered with a watch glass. 100 ml of deionized water 

was transferred into a beaker, followed by 3.0 ml of acquaregia and covering the beaker with a 

watch glass to make a blank.  

The samples were heated using hot plate (SB302) at 90 0C for 3 hrs in a fume hood until the 

volume of the sample was reduced to 20 ml. After digestion, the samples were allowed to stand 

for 30 minutes to cool and the fumes allowed to reduce. The watch glass was removed and the 

sample was dispensed into a 100 ml volumetric flask. Distilled water was added to the samples 

to make it to 100 ml. The samples were stirred using stirrer model SB302 (300 rpm, 25 ± 2   0 C) 

to properly mix the sample. Gravity filtration was done using Whatmann Filter paper N0. 40 and 
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plastic filter funnels after which the concentration of the heavy metals in the samples was 

determined using Atomic Absorption Spectrophotometer. 

3.5.2 Sample analysis using AAS 

The standard solutions were used in the calibration of the AAS. The concentration of the 

standards used was from of 0.1 to 1.0 ppm. The AAS was then switched on and set up to the 

working conditions as per the operational instructions. The standards were then aspirated into the 

instrument and the reading taken which were used to obtain the linear calibration curve for each 

metal. After which the samples were aspirated into the instrument and the absorbance of each 

metal in each sample determined. The concentrations of each metal in each sample were then 

recorded. Depending on the concentration values obtained, some of the samples were diluted to 

ascertain that the concentration lies within the concentration scope of the standards. The 

absorbance values obtained were fitted in y = Mx+C (equation of the curve) to calculate the 

concentration of the samples (Where x= concentration; y=is absorbance; M= gradient). The 

calculated concentrations were recorded as C1 (Table 4.1).   

3.5.3 Preparation of the stock solutions 

The formula (Equation 3.1) was used to calculate the amount of the salt to be dissolved in a liter 

of distilled water to make an aqueous solution whose concentration was 1000 ppm. 

𝐦 =
𝐌𝐰

𝐀𝐰
 𝐱

𝟏𝟎𝟎

𝐏
 𝐱

𝐕

𝟏𝟎𝟎𝟎
                      (3.1)                  

where m = mass (g) of the soluble salt which was weighed, MW = molecular weight of the salt, 

Aw = Atomic mass of the element of interest, V= volume of the stock solution to be made, P= 

percentage purity of the salt. 

Calculation of the amount of metal salts for preparation of solution concentration. 

Pb (NO3)2 (98% pure) 

m =
Mw

Aw
 x

100

P
 x

V

1000
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Mw =331.2, Aw=207.2, p=98, V=1000 

 

m =
331.2

207.2
 x

100

98
 x

1000

1000
 

m=1.6311g 

The calculated amount of metal salts which was weighed is shown in the Table 3.2. 

Table 3.2 Amount of salts weighed (g) to make aqueous solution whose concentration was 1000 

ppm 

Metal Molecular formula Molecular 

weight 

Amount 

weighed (g) 

Lead  Pb (NO3)2 331.2 1.6311 

Zinc Zn (NO3)2. 6H2O 297.48 4.7396 

Cadmium 3CdSO4.8H2O 769.56 6.9861 

Chromium Cr (NO3)3. 9H2O 400.15 7.9347 

Nickel Ni (NO3). 6H20 290.80 5.0560 

 

The amount weighed was then placed in a 1000 ml volumetric flask. 100 ml of distilled water 

was added and stirred using stirrer (Model: SB 302 at 300 rpm, 25 ± 2   0 C) until all the salt had 

dissolved. 30 ml of 1M HNO3 was added and the solution was swirled. Distilled water was added 

to make it to the mark using distilled water. 

3.5.4 Working solutions 

The working solutions were prepared through serial dilutions of the stock solution. The metallic 

concentrations of the working solutions prepared were based on the concentration of the same 

metal in the waste-water (Table 4.1). The following concentrations were prepared: 1.2, 3.2, 68.5 

and 75.3 ppm for lead; 0.9, 1.0, 40.0 and 52.3 ppm for cadmium; 0.6, 0.8, 48.8 and 95.5 ppm for 

zinc; 0.1, 0.2 and 63.5 ppm for nickel and 0.4, 0.5, 12.6 and 87.6 ppm for chromium. The 

formula for dilution is shown in Equation 3.2. 
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C1V1=C2V2                           (3.2) 

Where                C1- concentration of the stock solution 

                           V1-volume to be taken from the stock solution 

                           C2-concentration intended to be made 

                           V2-the volume intended to be made 

3.5.5 Removal of heavy metals from wastewater 

100 ml of digested sample was added to 0.5 g of powdered water hyacinth (weighed using 

Mettler Toledo model XS105) contained in a series of beakers. The mixtures were stirred 

continuously using a stirrer (SB 302 at 300 rpm, 25 ± 2   0 C) for 5 minutes and allowed to stand 

for 2 hours for adsorption to occur. The mixture was filtered using gravity filtration (using 

Whatman Filter Paper no. 40 and plastic filter funnels). The residual concentration (C2) in the 

filtrate was established using the AAS. The recorded concentrations (C1 and C2) were used to 

compute the adsorption efficiency of water hyacinth in the adsorption of selected metallic ions 

from waste-water. 

3.5.6 Calculation of adsorption efficiency and the adsorption capacity  

The adsorption efficiency (q) by water hyacinth powder (<300 μm) was calculated based on the 

amount of adsorbate adsorbed in mg to concentration of metal ion originally present.  

The formula for adsorption efficiency is shown in Equation 3.3. 

𝒒 =
𝑪𝟏−𝑪𝟐

𝑪𝟏
𝑿𝟏𝟎𝟎                        (3.3) 

where 

q- adsorption efficiency 

C1 and C2- initial concentration and final concentration of the selected heavy metals in waste-

water obtained from industrial area. 

The concentration of lead in 100 ml of wastewater from a site was for example 60.5 ppm. Upon 

adsorption by 0.5 g of water hyacinth powder, the residual lead concentration was found to be 

16.2 ppm 
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Sample calculation 

a) Adsorption efficiency = 
𝑪𝟏−𝑪𝟐

𝑪𝟏
𝑿𝟏𝟎𝟎                         

 where C1=60.5 ppm; C2=16.2 ppm 

Adsorption efficiency =  
𝟔𝟎.𝟓−𝟏𝟔.𝟐

𝟔𝟎.𝟓
𝑿𝟏𝟎𝟎 

   =73.2% 

The adsorption capacity (q) of powdered water hyacinth (<300 μm) calculated according to 

Equation 3.4  

Calculation of % adsorbed and adsorptive capacity 

b) Adsorption capacity  

(q) =  
(𝑪𝟏−𝑪𝟐)

𝑴
 x V                                                                                                          (3.4)                                                                                                                                                                                      

C1=60.5 ppm; C2=16.2 ppm; m=0.5 g; V=0.1L 

  Adsorption capacity (q) =
𝟔𝟎.𝟓−𝟏𝟔.𝟐

𝟎.𝟓
 x 0.1 

       =8.86 mg/g                   

 

3.6 Removal of heavy metals from aqueous solution using water hyacinth 

100 ml of an aqueous solutions whose concentrations varied with the metal (75.3 ppm for lead 

solution, 52.7 ppm for cadmium solution, 95.5 ppm for zinc solution, 63.5 ppm for nickel 

solution and 87.6 ppm for chromium solution) was added to 0.5g (<300 μm) of powdered water 

hyacinth (weighed using Mettler Toledo model XS105) contained in a series of 500 ml beakers. 

The mixtures were stirred continuously using a stirrer (SB 302 at 300 rpm, 25 ± 2   0 C) for 5 

minutes and allowed to stand for 2 hours for adsorption to occur. The mixture was filtered using 

gravity filtration (using Whatman Filter Paper no. 40 and plastic filter funnels). The 

concentrations (C3) of selected heavy metal ions were determined in the filtrate using the Atomic 
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Absorption Spectrometer (AA-6300 SHIMADZU AAS). The recorded concentrations (C1 and 

C3) were used to determine the adsorption efficiency of water hyacinth (q).  

3.7 The effect of selected parameters on heavy metal adsorption 

The effects of pH, contact time, adsorbent dosage and particle size on heavy metal adsorption 

were determined as outlined below. 

3.7.1 The effect of particle size on heavy metal removal  

0.5 g (weighed using Mettler Toledo model XS105) of ground water hyacinth whose particle 

sizes was <300 µm was placed in three, 500 ml beaker. To each beaker, 100 ml of metal ions 

(prepared in 3.5.4 above) was added. The mixtures were stirred continuously using a stirrer (SB 

302 at 300 rpm, 25 ± 2   0 C) for 5 minutes and allowed to stand for predetermined time for 

adsorption to occur. The mixture was filtered using gravity filtration (using Whatman Filter 

Paper no. 40 and plastic filter funnels). The concentrations (C3) of selected heavy metal ions 

were determined in the filtrate using the Atomic Absorption Spectrometer (AA-6300 

SHIMADZU AAS). The above procedure was repeated using ground water hyacinth whose 

particle size was >300<425 µm and >425<2800 µm. The efficiency of adsorption (q) of water 

hyacinth was calculated based on the amount of adsorbate adsorbed in mg to amount of 

adsorbent used for adsorption expressed in miligrams. The particle size that corresponded to the 

highest adsorption efficiency was established and was used during the study of the effects of pH, 

contact time and the adsorbent dosage.   

3.7.2 Effect of pH on heavy metal adsorption on water hyacinth 

0.5 g of ground water hyacinth (weighed using Mettler Toledo model XS105) of particle size 

<300 µm was placed in six, 500 ml beakers. To each beaker, 100ml of aqueous solutions 

(prepared in 3.5.4) was added. The pH of the solution was regulated using 0.1 M NaOH or 0.1 M 

HNO3 and read using bench top pH meter (Model: HANNA HI 22091). The mixtures were 

stirred continuously using a stirrer (SB 302 at 300 rpm, 25 ± 2   0 C) for 5 minutes and allowed to 

stand for predetermined time for adsorption to occur. Table 3.1 below shows the conditions 

which were set during the study on the effects of the pH.  
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Table 3.3 Conditions set for the investigation of the pH effects on adsorption of heavy metals 

using water hyacinth 

Metal pH range 

used 

Speed of the 

stirrer (rpm) 

Stirring time 

(minutes) 

Adsorption 

Time (minutes) 

Lead 2-7 300 5 120 

Cadmium 2-7 300 5 120 

Chromium 2-7 300 5 120 

Zinc 2-7 300 5 120 

Nickel 2-7 300 5 120 

 

The mixture was filtered using gravity filtration (using Whatman Filter Paper no. 40 and plastic 

filter funnels). The concentrations (C3) of selected heavy metal ions were determined in the 

filtrate using the Atomic Absorption Spectrometer (AA-6300 SHIMADZU AAS). The recorded 

concentrations (C1 and C3) were used to determine the adsorption efficiency of water hyacinth 

(q).  

3.7.3 Effect of contact time on heavy metal removal 

0.5 g of ground water hyacinth of <300 µm was placed in twelve, 500 ml beakers. To each 

beaker, 100 ml of metal ion (prepared in 3.54) was added. The mixture was stirred continuously 

using stirrer (SB 302) at 300 rpm, 25 ± 2   0 C for 5 minutes. Adsorption was allowed to occur for 

predetermined time. The mixture was filtered using gravity filtration (using Whatman Filter 

Paper no. 40 and plastic filter funnels). The concentrations (C3) of selected heavy metal ions 

were determined in the filtrate using the Atomic Absorption Spectrometer (AA-6300 

SHIMADZU AAS). The efficiency of adsorption (q) of water hyacinth was calculated. 

 

3.7.4 The effect of amount of water hyacinth on heavy metal removal 

0.5 g of ground water hyacinth of size <300 µm was placed in ten, 500 ml beakers. To each 

beaker, 100 ml of metal ion (prepared in 3.5.4) was added. The mixture was stirred continuously 

using stirrer (SB 302) at 300 rpm, 25 ± 2   0 C for 5 minutes. Adsorption was allowed to occur for 

predetermined time. The mixture was filtered using gravity filtration (using Whatman Filter 
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Paper no. 40 and plastic filter funnels). The concentrations (C3) of selected heavy metal ions 

were determined in the filtrate using the Atomic Absorption Spectrometer (AA-6300 

SHIMADZU AAS). The above procedure was repeated using 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 

and 5.0 g of water hyacinth powder. The efficiency of adsorption (q) of different water hyacinth 

dosages was calculated.  

3.8 Adsorption equilibrium experiments  

100 ml of aqueous solutions containing single metal ion (0.5-100 ppm) were added to 0.5 g of 

water hyacinth powder (<300 µm) in separate 500 ml beakers. The pH of the solutions was set 

(pH = 4 for lead and chromium, pH = 5 for nickel, cadmium and zinc) and the solutions stirred 

for 5 minutes. Adsorption was allowed to occur for 120 minutes. These experiments were 

performed at room temperature for every heavy metal ion that was investigated until the 

equilibrium was established. The mixture was filtered using gravity filtration (using Whatman 

Filter Paper no. 40 and plastic filter funnels). The concentrations (C3) of selected heavy metal 

ions were determined in the filtrate using the Atomic Absorption Spectrometer (AA-6300 

SHIMADZU AAS). 

The data obtained from the experiment was fitted in Langmuir and Freundlich isotherms to 

characterize the reaction mechanism. The equilibrium adsorption capacity, qe (mg/g) for water 

hyacinth was calculated using Equation 3.5.  

qe = 
(𝐶0−𝐶𝑒)𝑣

𝑤
                                                                                                                             (3.5)                                                                                                                         

The linear form of Langmuir isotherm that was used is shown in equation 3.6  

1

𝑞𝑒
= (

1

𝑞𝑚𝑏
) .

1

𝐶𝑒
+

1

𝑞𝑚
                                                                                                         (3.6)   

where: Co  and Ce are the initial concentration and final equilibrium concentration of the heavy          

            metal (mg/L), v (L) and w (g) are volume of the sample and mass of the adsorbent used       

             respectively. 

          qe (mg/g) – equilibrium adsorption capacity 
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Ce (mg/l)- the amount of adsorbed heavy metal ion at equilibrium.  

qm (mg/g)- the highest amount of the heavy metal ion for every unit weight of water   

                  hyacinth while b (l/mg)- Langmuir constant 

1/qe   was plotted against against 1/Ce . The qm and b values were determined graphically. The 

dimensionless factor RL which is used to describe the Langmuir isotherm, was determined from 

Equation 3.7 

 RL=
1

𝑏𝐶𝑜+1
                                                                                                                                (3.7)  

where ;     RL<1 – adsorption is favorable,                  

                 RL>1- adsorption is unfavorable 

                 RL=1 – linear 

                 RL>1- adsorption is irreversible 

Freundlich isotherm equation is based on the fact that adsorption occurs on a heterogeneous 

surface. It is an experiential model which takes into account the adsorptive energy at the surface 

of the adsorbent. It is expressed as shown in equation 3.8 

qe = KFCe 
1/n

                                                                            (3.8) 

where qe (mg/g) - amount of the heavy metal ion adsorbed per unit weight of water hyacinth bio- 

material. 

            Ce (mg/L)- the amount of un adsorbed heavy metal ion in the solution. 

 Kf- a constant indicating adsorption capacity 

n- Adsorption intensity  

The linear form of Freundlich isotherm equation which was used in the study is shown in 

Equation 3.9. 

log qe = 1/n log Ce+ log Kf                                                                                                     (3.9) 
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log qe  was plotted against log Ce   and the gradient of 1/n and intercept of log Kf  was used in 

comparing the correlation coefficient, r. 

3.8.1 Batch experiments and Kinetic models of heavy metal adsorption on water hyacinth 

The kinetic studies were conducted using 100 ml aqueous solutions of single metal at different 

concentrations (75.3 ppm for lead, 63.5 ppm for nickel, 52.7ppm for cadmium, 95.5 ppm for zinc 

and 87.6 ppm for chromium). 0.5 g (weighed using Mettler Toledo model XS105) of ground 

water hyacinth whose particle size was <300 µm was added in separate 500 ml beakers. The pH 

value of the solutions in the beaker was set as follows: pH= 4 for lead and chromium solution, 

pH=5 for cadmium, nickel and zinc using a bench top pH meter model HANNA HI 22091, and 

were adjusted by adding 0.1M HNO3 and 0.1 M NaOH. The mixtures were stirred continuously 

using stirrer (SB 302) at 300 rpm, 25 ± 2   0 C) for 5 minutes. Adsorption was allowed to occur 

for 2 hours. The mixture was filtered using gravity filtration (using Whatman Filter Paper no. 40 

and plastic filter funnels). The concentrations (C3) of selected heavy metal ions were determined 

in the filtrate using the Atomic Absorption Spectrometer (AA-6300 SHIMADZU AAS). The 

recorded concentrations (C1 and C3) were used to determine the adsorption efficiency of water 

hyacinth (q). The data obtained was used to draw a plot that was used to determine the reaction 

order which described the adsorption of the heavy metal on water hyacinth bio material. Pseudo-

first-order and pseudo-second-order which were applied are shown in Equations 3.10 and 3.11 

respectively.  

The linear pseudo-first-order equation is;  

Log(qe-qt)= log (qe) – (K1t/2.303 )                                                                                           (3.10) 

The linear pseudo-second-order equation is; 

t/qt=1/k2qe
2+  t/qe                                                                                                                                  (3.11) 

where qe (mg/g)- amount of heavy metal adsorbed on water hyacinth at equilibrium 

             K1(Min-1)  - rate constant of adsorption for pseudo-first-order 

             qt (mg/g)- amount of heavy metal adsorbed on water hyacinth at time t  

              K2 (g mg-1min-1) –rate constant of adsorption for pseudo-second-order  
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The adsorption rate constant (k1) for pseudo-first-order was computed from the gradient of a 

linear plot of log (qe-qt) vs t while qe was the value of the intercept. The adsorption rate constant 

for pseudo-second-order (k2) and qe were computed from the gradient and intercept of a linear 

plot of t/qt vs t. The linear plot with the highest R2 value was considered to describe the reaction 

best and was taken as the correct reaction order. 

3.9 Fourier Transform Infrared Spectroscopic analysis of powdered water hyacinth before 

and after heavy metal adsorption. 

Raw water hyacinth  and metal loaded  water hyacinth samples were prepared differently and 

scanned  for various functional groups in the spectral range of 400-4000 cm-1 using the FTIR 

(Model: IR Affinity 1S class 1). 

3.9.1 FTIR analysis of raw water hyacinth powder 

Water hyacinth powder (prepared in 3.3) was mixed with a spatula of analytical grade KBr in a 

mortar. The mixture was fine ground. The sample was placed on 7mm collar and pressed to form 

a pellet by putting the set of metal die and a screw together. The collar containing the pellet was 

removed from metal die and a screw and it was placed in a cuvette. The machine was switched 

and the sample was scanned. Various bands in the spectrum were identified as corresponding to 

different bonds in different functional groups. 

3.9.2 FTIR analysis of metal loaded water hyacinth powder 

The water hyacinth residue after adsorption and filtration was further oven dried at 110 0C for a 

day to remove moisture completely. 0.5 g of dry fractions of metal loaded water hyacinth were 

ground into powder using mortar and pestle. 1.0 g analytical grade KBr was mixed with the fine 

powder using a mortar. The mixture was fine ground. The sample was placed on 7 mm collar and 

pressed to form a pellet by putting the set of metal die and a screw together. The collar 

containing the pellet was removed from metal die and was placed on the sample holder. The 

machine was switched on and the sample was scanned. The spectra were compared with that of 

raw water hyacinth powder. 
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CHAPTER FOUR 

RESULTS AND DICUSSION 

4.1 Concentration of Heavy metals in wastewater 

AAS was used to determine the absorbance of the samples. Appendices Ia, Ib, Ic, Id and Ie were 

used in the calculation of the concentration of metals. The results are presented in Table 4.1. 

Table 4.1 Heavy metal concentrations (ppm) in wastewater  

Site 
                        Heavy metal concentration (ppm) 

  Pb                          Cd                        Zn                       Ni                  Cr 

A  68.5  ± 0.1 

 

52.7 ± 0.1 0.75  ± 0.01  0.2  ± 0.02 

 

0.51 ± 0.01 

B 75.3± 0.2 40.0 ± 0.5 

 

95.5  ± 0.2 0.14  ± 0.06 

 

12.6  ± 0.5 

 

C 1.2 ± 0.03 

 

0.98  ± 0.1 

 

48.8  ± 0.3 63.5  ± 0.2 

 

87.6  ± 0.5 

 

D 3.2 ± 0.01 

 

0.88  ± 0.6 0.58  ± 0.02 0.11  ± 0.03 0.38  ± 0.01 

 

A= Battery manufacturing company; B=Paint manufacturing company; C=Steel manufacturing 

company and D= Plastics manufacturing company. 

In site A, the order of metal concentration was lead>cadmium>zinc>chromium>nickel. The high 

concentration of lead in site A could be ascribed to the utilization of lead metal and lead oxide as 

electrodes during manufacturing of batteries (Saaidia et al., 2017). The lofty concentration of 

cadmium in site A could be attributed to the use of Cadmium Oxide as a conductor in the 

manufacture of battery (Klein and Costa, 2007). 
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In site B, the order of metal concentration was zinc> lead>cadmium>chromium>nickel. The high 

zinc concentration in site B could be attributed to the use of ZnO and ZnCrO4 as pigments in the 

manufacture of white and yellow paints respectively (Osmond, 2012). The high concentration 

could be attributed to the use of Pb(CO3)2 and PbCrO4 to give fresh appearance and color 

respectively to the paints (Kessler, 2014). The concentration of Cadmium in site B (40.0 pm) was 

high as compared to the standards by NEMA (0.01 ppm). This could be because of the use of 

cadmium sulfide as a pigment in the manufacture of the yellow paints (Ogilo et al., 2017). The 

high concentration of chromium in site B (12.6 ppm) could be attributed to the use of Cr2O3 and 

Cr2O3.H2O as a colorant in chrome green paints (Sabty-Daily et al., 2017).  

In site C, the order of metal concentration was chromium>nickel>zinc> lead>cadmium. The high 

chromium levels (87.6 ppm) in site C could be as a result of chromium use in steel 

manufacturing (Nakamura et al., 2017). The high nickel concentration could be attributed to the 

use of nickel in the manufacture of steel (Abdallah et al., 2017). The high concentration of zinc 

in site C (48.8 ppm) could be as a result of manufacture of zinc-copper-titanium alloy. The high 

concentration could also be associated with the use of zinc in the galvanization of steel to prevent 

corrosion (Grillo et al., 2014).  

In site D, the order of metal concentration was lead>cadmium> zinc>chromium> nickel>. The 

high concentration of lead in site D could be attributed to the use of lead stabilizers for the 

manufacture of polyvinyl chloride products which are used for food packaging and manufacture 

of toys (Punjongharn et al., 2017).  

4.2 Adsorption efficiency and adsorption capacity of water hyacinth powder  

The amount of heavy metals adsorbed (adsorption efficiency) on powdered water hyacinth (<300 

μm) calculated according to Equation 3.3 and the adsorption capacity (q) according to Equation 

3.4 and the results are provided in Table 4.2 (Sample calculation is provided in 3.5.6) 
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Table 4.2 Adsorption efficiency and adsorption capacity for the metals on water hyacinth powder     

from wastewater and for various concentrations at four sites compared to aqueous solution 

Sites Adsorption efficiency  =
𝑪𝟏−𝑪𝟐

𝑪𝟏
𝑿𝟏𝟎𝟎                    

 

                              % 

Adsorption capacity (mg/g) 

= 
(𝑪𝟏−𝑪𝟐)

𝑴
 x V  

                   mg/g                  

Site 

A 

Heavy Metal Wastewater Aqueous solution Wastewater Aqueous solution 

Lead (68.5 ppm) 76.4 84.2 10.5 11.5 

Zinc (0.8 ppm) 100 100 0 0 

Chromium (0.5 ppm) 100 100 0 0 

Cadmium (52.7 ppm) 68.9  76.9 7.3 8.1 

Nickel (0.2 ppm) 100 100 0 0 

Site 

B 

Lead (75.3 ppm) 71.0 81.1 10.7 12.2 

Zinc (95.5 ppm) 73.7 78.7 14.3 15.1 

Chromium (12.6 ppm) 85.2 100 2.18 0 

Cadmium (40.0 ppm) 65.5 83.5 5.2 6.7 

Nickel (0.1ppm) 100 100 0 0 

Site 

C 

Lead (1.2 ppm) 100 100 0 0 

Zinc (48.8 ppm) 81.8 89.1 8.0 8.7 

Chromium (87.5) 70.2 73.1 12.3 12.8 

Cadmium (1.0 ppm) 100 100 0 0 

Nickel (63.5 ppm) 60.4 65.7 7.7 8.4 

Site 

D 

Lead (3.2 ppm) 100 100 0 0 

Zinc (0.6 ppm) 100 100 0 0 

Chromium (0.3 ppm) 100 100 0 0 

Cadmium (0.8 ppm) 100 100 0 0 

Nickel (0.1 ppm) 100 100 0 0 

 

From Table 4.2, the percent of metal ion adsorbed on water hyacinth varied with the 

concentrations and the media. The percent adsorbed was high both in wastewater and aqueous 

solution at low concentrations while at high metal concentrations the percent of metal ion 

adsorbed was low. At high percent of metal ion concentration the competition for the adsorption 
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site is high while at low concentration the competition is low (Medellin-Castillo et al, 2017).  

The percent of adsorbed metal on water hyacinth was higher in aqueous solution compared to 

wastewater for a specific concentration. The low adsorption efficiency from wastewater could be 

attributed to external competition for adsorption sites by other metal ions in the wastewater (Park 

et al., 2015). In the aqueous solution, only the single metal ions were available hence there was 

no external competition for the adsorption sites. The study showed that water hyacinth could 

effectively adsorb heavy metals from aqueous solution when there is no interference by other 

metals. Water hyacinth powder could be used to adsorb heavy metals from water at low 

concentrations. 

4.3 Factors influencing the adsorption of heavy metals  

The effects of pH, contact time, adsorbent dose and particle size on heavy metal adsorption on 

water hyacinth from an aqueous solution were investigated and the results are presented as 

below. 

4.3.1 Effect of particle size on adsorption of zinc ions on water hyacinth  

The quantity of zinc ions adsorbed from aqueous solution increased with decrease in particle size 

in the order >425<2800, >300<425 and<300 μm for the zinc concentrations of 95.5 ppm and 

48.8 ppm respectively (Figure 4.1). The smaller particles had the highest adsorption efficiency. 

Appendix II was used to construct Figure 4.1 

 

Figure 4.1 Effects of particle size on adsorption of zinc ions from aqueous solution (Adsorbent 

dose: 0.5g; pH=6.7; contact time 120 minutes; temperature 25±20C) 

0

20

40

60

80

100

0.8 0.6 48.8

A
d

so
rp

ti
o
n

 e
ff

ic
ie

n
cy

(%
)

Concentration  (ppm)

<300

>300<425

>425<2800



46 
 

Irrespective of the concentration used, the smaller particles adsorbed the highest amount of the 

heavy metal (Figure 4.1). This is so since they have a larger surface area for adsorption than the 

larger particles (Tembhukar and Dongre; 2006;Schalow et al., 2007). The adsorption efficiency 

in low concentration (0.6 and 0.8 ppm) was 100% for particle size <300 μm. This could be 

ascribed to the availability of a larger area for adsorption (Punjongharm et al., 2007). The high 

efficiency in 0.6 and 0.8 ppm aqueous solution further indicated that water hyacinth has the 

ability to adsorb zinc ions completely from a low concentration solution. The particle size which 

gave the highest percent of zinc ions adsorbed for all concentrations was <300 μm. The trend 

was similar to that of lead, cadmium, chromium and nickel is presented graphically in Appendix 

II. 

4.3.2 Effect of pH on adsorption of zinc ions 

The effects of pH on adsorption of zinc ions on water hyacinth powder at different 

concentrations are shown in Figure 4.2. The values in Appendix III were used to construct Figure 

4.2 

 

Figure 4.2: The effects of pH on adsorption of zinc ions on water hyacinth from aqueous 

solution. (Adsorbent dose: 0.5 g; particle size <300 μm; contact time 120 minutes; temperature 

25±2 0C) 

The adsorption efficiency increased as pH increased from 2-5 for 95.5 ppm. However, there is 

slow increase in the amount of zinc ions adsorbed at the pH of 2-3. This could be attributed to 

the competition between zinc ions and hydrogen ions, for the exchange sites found at the outer 

surface of the adsorbent (Astuti et al., 2017). In addition, the outer adsorbent layer has a positive 
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charge, which slowed down zinc ions approaching the adsorption spots owing to repulsion. From 

the pH of 3-5, adsorption of Zn increased rapidly. This might be because of reduced competition 

since the concentration of hydrogen ions which were hindering adsorption at lower pH was 

reduced. Optimum adsorption was observed at pH 5 while above pH 5, the slow increase could 

be because most of the adsorption sites were saturated with metal ions. The study showed that 

adsorption was optimum at a pH of 5. Similar results were obtained by Kumar, (2013) who used 

modified Strychnos potatorum. The effects of pH on the adsorption of lead, cadmium, chromium 

and nickel are presented graphically in Appendix III. The optimum pH for the adsorption of both 

lead and chromium was 4 while that of nickel, zinc, and cadmium was 5. The trend was similar 

for all the other heavy metals except lead and chromium in the pH range 6-7. Beyond the pH 6, 

the adsorption efficiency started declining. This could be due to precipitation of Pb(OH)2 and 

Cr(OH)3 respectively. 

4.3.3 Effect of contact time on adsorption of zinc ions   

The study showed that the percent zinc ion adsorbed by water hyacinth increased with contact 

time as shown Figure 4.3. At low concentrations of zinc ions (0.6 and 0.8 ppm), the percent zinc 

ions adsorbed increased rapidly within the first 10 minutes. The percent zinc ions adsorbed then 

remained at 100% from 10th minute to 120 minutes. This could be as a result of low 

concentrations of zinc ion hence less competition for the adsorption sites. It further showed that 

water hyacinth could adsorb zinc ions from an aqueous solution of low concentration completely. 

The curves for both 0.6 and 0.8 ppm appear together (Figure 4.3).  

 

Figure 4.3. Effects of contact time on adsorption of zinc ions from aqueous solution. (Adsorbent 

dose: 0.5 g; pH = 6.7; particle size <300 μm; temperature 25±2 0C) 

0.0

20.0

40.0

60.0

80.0

100.0

0 10 20 30 40 50 60 70 80 90 100 110 120

A
d

so
rp

ti
o
n

 e
ff

ic
ie

n
cy

 

(%
)

Time(min)

0.8ppm

95.5 ppm

48.8 ppm

0.6 ppm



48 
 

When concentrations of 48.8 ppm and 95.5 ppm of zinc ions were used, it took time for the 

equilibrium to be established. This is because when the concentration was high, there was a 

competition for the adsorption sites. Adsorption efficiency reached a steady state at 40 and 60 

minutes for 48.8 ppm and 95.5 ppm zinc solutions respectively. This could be because, as the 

time progressed, the repulsive force between cations bound on the adsorption site and the cations 

present in the solution became stronger hence slow establishment of equilibrium (Tchomgui-

Kamga et al., 2010; Igberase et al., 2017). The trend was similar to the one obtained in the 

adsorption of lead, cadmium, nickel and chromium as shown in Appendix IV. The optimal time 

for the adsorption varied with the metal (30 for lead, 40 minutes for chromium, 80 minutes for 

nickel, and 60 minutes for both zinc and cadmium). Similar results were obtained by Igberase et 

al., (2017) who used modified ligand.  

4.3.4 Effect of adsorbent dosage on adsorption of zinc ions 

The effects of adsorbent dosage on adsorption of zinc ions from an aqueous solution are shown 

in Figure 4.4. Appendix V was used to construct Figure 4.4. 

 

Figure 4.4: The effects of adsorbent dosage on adsorption of zinc ions (Adsorbent dose: 0.5 g; 

pH = 6.7; particle size <300 μm; contact time 120 minutes; temperature 25±2 0C) 

The percent zinc ions adsorbed increased as the amount of adsorbent increased in both 48.8 ppm 

(27.7%-92.4%) and 95.5 ppm (25.1%-70.5%) as the dosage was increased from 0.5-2.5g and 

0.5-2.0g respectively. The trend was the same for the two concentrations however optimum 

adsorption was reached at different doses of 2.0 g (for 95.5 ppm) and 2.5g (for 48.8 ppm).   
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The increase could be because of increased availability of vacant adsorption sites that increased 

with the quantity of adsorbent (Kumar et al., 2010; Addagalla et al., 2009). The percent zinc ions 

adsorbed then became steady with increase in adsorbent. This could have been because of the 

shielding effects among the cells (Gao et al., 2009; Gundogdu et al., 2012). This might have 

produced a block of cell active sites which increased as the adsorbent dose increased (Desta, 

2013). The percent zinc ions adsorbed 100% for both 0.6 ppm and 0.8ppm solution. This might 

be because zinc ions which were present in the solutions were adsorbed completely by 0.5g of 

the adsorbent hence the curves formed a plateau together at adsorption efficiency 100%. The 

optimum adsorption for lead and nickel was 2.5g, cadmium was 3.0 g, chromium was 4.0g while 

nickel was 4.5g. The effects of adsorbent dosage on the adsorption of lead, cadmium, chromium 

and nickel are presented graphically in Appendix V. 

 

4.4 Adsorption isotherms 

In this study the amount of heavy metal adsorbed by water hyacinth powder was investigated 

using the Freundlich and Langmuir isotherms. 

4.4.1 Adsorption isotherms for the adsorption of zinc ions 

The data obtained (Appendix VI) from the studies were then fitted to both Langmuir and 

Freundlich isotherms (Figures 4.5 and 4.6).  

 

Figure 4.5 Linearized Freundlich plot for the adsorption of zinc ions onto water hyacinth powder  
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The logarithm of qe (adsorption capacity at equilibrium) increased linearly to the logarithm of Ce 

(concentration at equilibrium) 

 

Figure 4.6: Linearized Langmuir plot for the adsorption of zinc ions onto water hyacinth powder 

  

The reciprocal of qe (adsorption capacity at equilibrium) increased linearly with the reciprocal of 

of ce (concentration at equilibrium). The Freundlich adsorption parameters (equilibrium constant 

(Kf), n and regression constant (R2)) and the Langmuir parameters (regression constant (R2, qm 

the highest amount of adsorbed per weight of water hyacinth, b-Langmuir constant) were 

determined graphically from Figure 4.5 while Figure 4.6 as shown in Appendix Vi and the 

results are presented in Table 4.3  

Table 4.3: Parameters for Langmuir and Freundlich isotherms 

Freundlich isotherm Langmuir isotherm 

n = 1.5473 b (L/mg) =0.0802 

Kf = 2.1262 qm (mg/g) =22.1239 

R2 = 0.965 R2 =0.975 

The use of water hyacinth powder on the adsorption of zinc ions correlated well with the 

Langmuir model in contrast to the Freundlich model based on the R2 values. Results similar to 
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this were obtained by Chigondo et al., (2013) where zinc ions were adsorbed using Brachystegia 

spiciforms. Langmuir isotherm describes the monolayer adsorption while Freundlich isotherm is 

an adsorption model that describes the multilayer adsorption. 

4.4.2 Adsorption isotherms for the adsorption of lead ions 

The data obtained from the studies (Appendix VI) were fitted to both Langmuir and Freundlich 

isotherms and the results are shown in Figures 4.7 and 4.8. 

 

Figure 4.7 Linearized Freundlich plot for the adsorption of lead ions onto water hyacinth powder 
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Figure 4.8: Linearized Langmuir plot for the adsorption of lead ions onto water hyacinth powder 

The reciprocal of qe (adsorption capacity at equilibrium) increased linearly with the reciprocal of 

ce (concentration at equilibrium). The Freundlich adsorption parameters (equilibrium constant 

(Kf), n and regression constant (R2) and the Langmuir parameters (qm-the highest quantity of the 

heavy metal ion for every entity weight of water hyacinth, b-Langmuir constant and regression 

constant (R2)) were determined graphically from Figure 4.7 and  4.8 respectively  as shown in 

appendix VI. The adsorption parameters are presented in Table 4.4. 

Table 4.4 Langmuir and Freundlich isotherms parameters for adsorption of lead ions from 

aqueous solution ground using water hyacinth powder 

Freundlich Langmuir  

n = 1.6656 b (L/mg) =0.0693 

Kf = 1.5389 qm(mg/g) =16 

R2 = 0.983 R2 =0.995 

 

The use of water hyacinth powder on the adsorption of lead ions correlated well with the 

Langmuir model in contrast to the Freundlich model based on the R2 values. Results similar to 

this were obtained by Liu et al., (2009) where lead ions were adsorbed by steel slag. 
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4.4.3 Adsorption isotherms for the adsorption of nickel ions 

The data obtained from the studies (Appendix VI) were then fitted to both Langmuir and 

Freundlich isotherms. The linearized Frendlich and Langmuir models are presented in Figures 

4.9 and 4.10 respectively. 

 

Figure 4.9: Linearized Freundlich plot for the adsorption of nickel ions on ground water hyacinth  

The logarithm of qe (adsorption capacity at equilibrium) increased linearly to the logarithm of ce 

(concentration at equilibrium) 

 

Figure 4.10: Linearized Langmuir plot for the adsorption of nickel ions on ground water hyacinth   
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The reciprocal of qe (adsorption capacity at equilibrium) increased linearly with the reciprocal of 

Ce (concentration at equilibrium). The adsorption parameters for both Langmuir and Freundlich  

are presented in Table 4.5. 

Table 4.5: Parameters for Langmuir and Freundlich isotherms for the adsorption of nickel ions 

Freundlich Langmuir 

n = 1.8508 b (L/mg) =0.0833 

Kf = 1. 7976 qm (mg/g) =14.4928 

R2 = 0.967 R2 =0.993 

 

The Freundlich adsorption parameters (equilibrium constant (Kf), n and regression constant (R2) 

were determined graphically from Figure 4.9 and are presented in Table 4.5 while Figure 4.10 

was used to model the Langmuir isotherm and to calculate the Langmuir parameters. The 

adsorption of nickel ions on water hyacinth powder was described better by Langmuir isotherm 

(R2 = 0.993) compared to Frendlich isotherm (R2 = 0.967). 

4.4.4 Adsorption isotherms for the adsorption of cadmium ions 

The data obtained (Appendix VI) were presented as shown in Figures 4.11 and 4.12 

 

Figure 4.11 Linearized Freundlich plot for the adsorption of cadmium ions onto water hyacinth 

powder  
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The logarithm of qe (adsorption capacity at equilibrium) increased linearly to the logarithm of Ce 

(concentration at equilibrium). 

 

Figure 4.12: Linearized Langmuir plot for the adsorption of cadmium ions onto water hyacinth 

powder  

The reciprocal of qe (adsorption capacity at equilibrium) increased linearly with the reciprocal of 
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Langmuir isotherms during adsorption (Table 4.6). 

Table 4.6: Langmuir and Freundlich isotherms parameters for adsorption of cadmium ions from 

aqueous solution 
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Kf = 1.7575 qm (mg/g) =9.0253 

R2 = 0.957 R2 =0.991 

 

Cadmium adsorption by water hyacinth powder correlated well with Langmuir than Freundlich 

isotherm model when fitted on the regression line as indicated by the R2 values (Table 4.6). 
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4.4.4 Adsorption isotherms for the adsorption of chromium ions 

The data obtained from the studies were then fitted into both Langmuir and Freundlich isotherms 

(Appendix VI). The isotherms are given in Figures 4.13 and 4.14 

 

Figure 4.13: Linearized Freundlich plot for the adsorption of chromium ions onto powdered 

water hyacinth 

 

Figure 4.14: Linearized Langmuir plot for the adsorption of chromium ions onto water hyacinth 

powder  
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(Kf), n and regression constant (R2) were determined graphically from Figure 4.13 and are 

presented in Table 4.7 while Figure 4.14 was used to model the Langmuir isotherm and to 

calculate the Langmuir parameters. 

Table 4.7 Parameters for Feundlich and Langmuir isotherms for adsorption of chromium ions on 

water hyacinth powder 

Feundlich isotherm Langmuir isotherm 

n = 1.2060 b (L/mg) = 0.0297 

Kf = 1.7504 qm  = (mg/g) = 51.0204 

R2 = 0.980 R2 = 0.978 

 

The values of R2 were used to deduce the best model that would describe the adsorption on water 

hyacinth powder. Adsorption of chromium ions on water hyacinth powder correlated better with 

Freunlich Isotherm (R2 = 0.980) than the Langmuir isotherm (R2 = 0.978). Chromium adsorption 

on water hyacinth powder can therefore be described by the Freundlich Isotherm. The qm 

(amount of metal ions adsorbed per unit mass of water hyacinth) value for chromium (51.0204) 

was higher than that of lead (16.0000), cadmium (9.0253), zinc (22.1239) and nickel (14.4928). 

The surface of water hyacinth is negatively charged. The oxidation state of chromium ions is +3 

while that of lead, cadmium, zinc and nickel is +2.  Therefore the affinity of adsorption sites to 

chromium ions is stronger compared to the affinity of adsorption sites to lead, cadmium, zinc and 

nickel ions. 

4.5 Kinetic studies 

The data obtained from this study were tested against the pseudo-first and pseudo second- order 

kinetic models. 

4.5.1 Kinetic studies for the adsorption of zinc ions 

The data obtained in Appendix VII was tested against the pseudo-first and pseudo second- order 

models and results are shown in Figures 4.15 and 4.16. 
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Figure 4.15: Pseudo-first-order for the adsorption of 95.5 ppm zinc ions onto water hyacinth 

powder 

The logarithmic difference in adsorption capacity at equilibrium and at particular time (log qe-qt) 

decreased linearly as the adsorption time increased. 

 

Figure 4.16: Pseudo-second-order for the adsorption of 95.5 ppm zinc ions onto water hyacinth 

powder 
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zinc ion solution,75.3 ppm lead ion solution,57.5 ppm cadmium ion solution,63.7 ppm nickel 

solution and 87.6 ppm chromium) ionic solutions were calculated graphically (Appendix Vii). 

The results are given in Table 4.8. 

Table 4.8: The Pseudo first-order and Pseudo second-order kinetic parameters of adsorption of 

zinc, lead, cadmium, chromium and nickel ions on powdered water hyacinth 

  Pseudo –first-order Pseudo –second-order 

Parameters Parameters 

Metal ions K1(min-1)  qe (mg/g)(cal) R2 K2(g/mg/min/)  qe (mg/g)(cal) R2 

Zinc ions 0.0481 16.80 0.944 0.0048 17.30 0.8995 

Lead ions 0.0910 13.1735 0.929 0.0069 12.80 0.583 

Nickel ions 0.0214 10.0485 0.969 0.0001 34.4828 0.543 

Chromium ions 0.066 15.02 0.9897 0.0061 15.1515 0.771 

Cadmium ions 0.0362 7.1895 0.989 0.0014 12.6262 0.949 

 

It was observed that the R2 value for the pseudo-first order in the adsorption of zinc (R2= 0.944), 

lead (R2= 0.929), nickel (R2= 0.969), cadmium (R2= 0.989) and chromium ions (R2= 0.9897) 

were higher than that of pseudo-second order for the respective metal ions. This suggested that 

the adsorption kinetics of zinc, lead, nickel, cadmium and chromium ions on water hyacinth 

powder is better expressed by the pseudo first order model.  
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4.6 FTIR analysis for heavy metal adsorption on water hyacinth powder 

The functional groups responsible for the adsorption of the metals (nickel, cadmium, lead, zinc 

and chromium) were investigated by FTIR (Model: IRA Affinity IS Class I) analysis. The 

spectra of the raw and metal loaded adsorbent are discussed below:  

 

4.6.1 FTIR Spectra of water hyacinth powder  

The spectra of raw water hyacinth powder and treated (metal loaded) water hyacinth powder for 

the metals nickel, cadmium, lead, zinc and chromium are provided in Figures 4.17-4.21.  
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Figure 4.17: Spectra for water hyacinth powder before and after adsorption (a = spectrum for raw 

water hyacinth powder; b= spectrum of water hyacinth loaded with lead ions) 

Figure 4.17a, it was observed that there was a strong broad absorption band in the region of 

3200cm-1 to 3300 cm-1 for the raw water hyacinth powder. This was characteristic of O-H 

stretching attributed to alcohol, water, acid and phenols (Ibrahim et al, 2005). This peak is absent 

a) 

 

 

b)

 

 

 

 

 

 

Wavelengths (cm-1):    3300-3200                                                                 1732.08         1396.46   1033.99 

Wavelengths (cm-1):  3300-3200                                                                        1732.08   1396.46 1033.99 
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in Figure 4.17b. The strong absorption band in the region of 1732 cm-1was characteristic of C=O 

stretching bond structure which contained esters and carboxylic acids (Ibrahim, M, et al., 2009). 

This peak is absent in Figure 4.17b. The disappearance of the peaks could be attributed to H 

atom present in the functional groups being substituted with lead ion (Mathias et al., 2007). The 

strong band at absorption band 1396 cm-1 was characterized by bending of the C-H bonding in 

structures containing alkanes or both C-O stretch and O-H deformation  in carboxylic acids (So 

et al., 2003). The disappearance of this peak could be because lead ions are bound to hydroxyl, 

carboxyl and carbonyl functional groups (Nuhoglu and Malkoc, 2009).  The strong band at 1033 

cm-1 was characterized with C-O stretch in structures which contained carboxylic acids, ethers, 

ethers and alcohol (Hasan, et al. 2007). The band reduced in intensity upon adsorption of lead 

ions. The strong band at absorption band 1396 cm-1 is characterized by bending of the C-H 

bonding in structures containing alkanes or C-O stretch and O-H deform in structure containing 

carboxylic acids. Upon adsorption of lead ions the band reduced in intensity. 
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The water hyacinth powder spectra before and after adsorption of cadmium ions are presented in 

Figure 4.18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: Spectra for water hyacinth powder before and after adsorption of cadmium ions (a = 

spectrum for raw water hyacinth powder; b= spectrum for cadmium loaded water hyacinth) 

In Figure 4.18b, it was observed that the O-H (3200-3300 cm-1) and C-H band disappeared. This 

could be due to participation of both alkyl and hydroxyl groups during cadmium adsorption (So 

et al., 2003). The bands C=O and C-O were observed to reduce in intensity. This peak reduced in 

intensity when cadmium ions were adsorbed.  
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The strong peak at 1033 cm-1 is ascribed to the C-O stretch in structures which contained 

carboxylic acids, ethers, ethers and alcohol (Hasan, et al. 2007). The band reduced in intensity 

upon adsorption of cadmium ions.  

The spectra of the water hyacinth powder before and after adsorption of nickel ions are presented 

in Figure 4.19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Spectra for water hyacinth powder before and after adsorption of nickel ions (a = 

spectrum for raw water hyacinth powder; b= spectrum for nickel loaded water hyacinth) 

a) 

 

b) 
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In Figure 4.19a, it was observed that there was a strong broad absorption band in the region of 

3200cm-1 to 3300 cm-1 for the raw water hyacinth powder. Loading of water hyacinth with nickel 

ions caused O-H band to disappear. The adsorption of nickel ions caused the C=O peak to shift 

from 1732 cm-1 to 1724 cm-1. The adsorption peaks 1396 cm-1 and 1033 cm-1 to reduced in 

intensity after adsorption of nickel ions. 

The spectra of the water hyacinth powder before and after adsorption of chromium ions are 

presented in Figure 4.20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20: Spectra for water hyacinth powder before and after adsorption of chromium ions (a 

= spectrum for raw water hyacinth powder; b= spectrum for chromium loaded water hyacinth)  

a)

 

 

b)  
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In Figure 4.20a, the adsorption of chromium ions caused the O-H band peak to disappear. 

Loading of water hyacinth with chromium ions caused the peak at1396 cm-1 to disappear while 

the C=O peak reduced in intensity.  

The spectra of the water hyacinth powder before and after adsorption of zinc ions are presented 

in Figure 4.21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21: Spectra for water hyacinth powder before and after adsorption of zinc ions (a = 

spectrum for raw water hyacinth powder; b= spectrum for zinc loaded water hyacinth)  

In Figure 4.21a, it was observed that adsorption of zinc ions caused the O-H band in the region 

of 3200cm-1 to 3300 cm-1 to peak reduced in intensity. The reduction in intensity could be  

a) 

 

 

b) 
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attributed to zinc ions loaded on water hyacinth powder which reduced the peak height therefore 

the absorption band stretching to a lesser degree (Liu et al., 2017).  The uptake of Zinc ions 

caused C=O to shift  from 1732 to 1720 cm-1 while the band at 1396 cm-1  shifted to 1395 cm-1. 

The shifting of bands showed that heavy metals were adsorbed by the relevant functional groups 

(Njoki et al., 2016). Uptake of zinc ions caused the C-O band to reduce in intensity upon 

adsorption of zinc ions. Comparison of the spectra for raw water hyacinth and metal loaded 

water hyacinth showed that the absorption bands either disappeared or reduced in intensity. 

Table 4.9. Summarizes the results. 

Table 4.9 Effects of heavy metal adsorption on the water hyacinth spectra 

Wavelength 

(cm-1) 

Raw water 

hyacinth 

Pb loaded Ni loaded Zn 

loaded 

Cd loaded Cr loaded 

3200-3300 O-H  

carboxylic 

acid, alcohol, 

water, 

phenols 

Disappeared Disappeared Reduced 

intensity 

Disappeared Disappeared 

1732 C=O  

acid, esters 

Disappeared Shifted 

(1724) 

Shifted 

(1720) 

Reduced 

intensity 

Reduced 

intensity 

1396 C-H bending 

(alkanes) or  

C-O stretch 

and O-H 

deformation  

(acids) 

Disappeared Reduced 

intensity 

Shifted 

(1395) 

Disappeared Disappeared 

1033 C-O  

Alcohols, 

Acids, 

Esters, Ether 

Reduced 

intensity 

 

 

Reduced 

intensity 

Reduced 

intensity 

Reduced 

intensity 

Reduced 

intensity 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 

The levels of heavy metals in the wastewater were in the range of: 1.2-75.3 ppm for lead, 0.38-

87.6 ppm for chromium, 0.11-63.5 ppm for nickel, 0.58-95.5 ppm for zinc and 0.88-52.7 ppm for 

cadmium and depended on the nature of industrial activities around the sampling sites.  The 

levels of zinc, lead and cadmium in the wastewater were above the limit recommended by 

NEMA. Adsorption efficiency of heavy metals on water hyacinth (E.crassipes) powder was 

influenced by factors such as; adsorption time, dosage, pH and particle size of the adsorbent. The 

adsorption efficiency increased with increase in contact time after which a steady state was 

reached. The optimum adsorption time varied with the metal, for example optimum time for 

adsorption of Pb was 30 minutes, 40 minutes for Cr, 80 minutes for Ni and 60 minutes for both 

Cd and Zn. The study showed that adsorption increased with adsorbent dosage until an optimum 

adsorption dosage was reached which varied with the metal. The adsorbent dosage for adsorption 

of Pb and Zn was 2.5 g, Cd was 3.0 g, Cr was 4.0 g and while Ni was 4.5 g. The adsorption of all 

the metal ions increased with decrease in particle size in the order >425<2800, >300<425 and 

<300 μm for each of the concentrations. The adsorption was within the pH range of 2-6, however 

the pH rage for adsorption varied with the metal. The pH range for adsorption of Pb, Cr and Cd 

was 2-5 and 2-6 for Ni and Zn after which a plateau was reached and then the adsorption 

efficiency dropped. The adsorption data for zinc, cadmium, nickel and lead from the aqueous 

solution fitted well in Langmuir model while the adsorption data for chromium fitted well in the 

Freundlich model. Kinetics study showed that adsorption process for chromium, zinc, cadmium, 

nickel and lead was described well by the pseudo first order reaction kinetic model.  The FTIR 

study showed that the loading of the water hyacinth powder with metal ions led to the specific 

bands shifting to either lower or higher wave numbers, reduced intensity or the disappearance of 

some peaks which could be attributed to the adsorption process at these particular functional 

groups: C-H, O-H, C= O or C-O. The results of this study showed that water hyacinth is a 

suitable low cost adsorbent for heavy metals since they contain functional groups where the 
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metals could attach and that at low concentrations, the adsorption efficiency of heavy metals by 

the water hyacinth powder was at 100%.  

5.2 Recommendations  

1. The wastewater should be analyzed at various points to monitor the changes in the heavy 

metal concentration as they are released into the environment from plastic manufacturing 

industries, steel manufacturing industries, paint manufacturing industries and battery 

manufacturing industries (or nearby water bodies) 

2. Analysis of wastewater from other industries should be conducted.  

3. Activated carbon prepared from water hyacinth should be tested to determine its 

effectiveness in heavy metal removal from aqueous media. 

4. Recovery studies should be conducted on metal-laden water hyacinth powder to 

determine their stability for reuse in adsorption studies. 
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APPENDICES 

Appendix I: Calibration curves  

Appendix Ia: Calibration curve for Cadmium 

 

Appendix Ib: Calibration curve for Lead 

 

Appendix Ic: Calibration curve for Chromium 
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Appendix Id: Calibration curve for Nickel 

 

Appendix Ie: Calibration curve for Zinc 

 

 

Appendix If: Absorbance for the waste-water samples 

Source  Pb DF Cd DF Zn DF Ni DF Cr DF 

Site A 0.2750 10 0.1750 10 0.0334 ND 0.0062 ND 0.0176 ND 

Site B 0.3022 10 0.1322 10 0.3906 10 0.0046 ND 0.0464 10 

Site C 0.0480 ND 0.0304 ND 0.0201 10 0.1827 10 0.3361 10 

Site D 0.1280 ND 0.0271 ND 0.0265 ND 0.0037 ND 0.0125 ND 

 

DF-Dilution Factor 
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Calculation of sample concentration 

The equation for calibration curve for cadmium was y = 0.0337x - 0.0026. The absorbance for 

cadmium in site A was 0.1750. Concentration(x) was calculated as follows: 

X=    
𝑦+0.0026

0.0337
 

Where y= absorbance 

X=    
0.1750+0.0026

0.0337
 

=5.27 

The sample was diluted to a factor of 10. 

Therefore the real concentration was 

5.27x10 =52.7 ppm 
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Appendix II: Adsorption efficiency (%) vs particle size (µm) for Zn, Pb, Ni, Cd and Cr 

Zinc  

% adsorbed at: 

particle sizes (µm) 95.5 ppm 0.8 ppm 0.6 ppm 48.8 ppm 

<300 81.3 100 100 91.8 

>300<425 46.5 87.2 95.1 61.3 

>425<2800 7.2 28.8 37.3 16.4 

Lead 

particle sizes 75.3 ppm 1.2 ppm 3.2 ppm 68.5 ppm 

<300 90.3 100 100 93.8 

>300<425 34.5 86.2 81.1 41.3 

>425<2800 4.2 28.8 21.3 4.4 

Nickel 

particle sizes 63.5 ppm 0.1 ppm 0.1 ppm 0.2 ppm 

<300 77.2 100 100 100 

>300<425 29.3 100 100 100 

>425<2800 21.4 98.8 99 94.4 

Chromium 

Particle sizes 87.6 ppm 12.6 ppm 0.5 ppm 0.3 ppm 

<300 70.5 92.7 100 100 

>300<425 17.6 69.1 100 100 

>425<2800 2.3 45.8 100 100 

Cadmium 

Particle sizes 52.7 ppm 40.0 ppm 1ppm 0.9 ppm 

<300 78.2 88.4 100 100 

>300<425 28.3 42.1 100 100 

>425<2800 1.5 6.8 100 100 
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Appendix II a: Effect of particle size on adsorption of lead ions 

 

Appendix II b: Effect of particle size on adsorption of nickel ions  
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Appendix II c: Effect of particle size on adsorption of chromium ions 

 

 

Appendix II d: Effect of particle size on adsorption of cadmium ions 
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Appendix III: Adsorption efficiency (%) vs pH for Zn, Pb, Ni, Cd and Cr 

Zinc  

% adsorbed at: 

pH 95.5 ppm 0.8 ppm 0.6 ppm 48.8 ppm 

2 18.7 100 100 25.3 

3 32.1 100 100 39.5 

4 64.3 100 100 76.8 

5 80.3 100 100 86.8 

6 80.3 100 100 86.8 

7 80.3 100 100 86.9 

Lead 

pH 75.3 ppm 1.2 ppm 3.2 ppm 68.5 ppm 

2 38.7 100 100 45.9 

3 72.1 100 100 79.5 

4 85.5 100 100 90.8 

5 85.5 100 100 90.8 

6 85.5 100 100 90.8 

7 80.2 100 100 84.6 

Nickel 

pH 63.5 ppm 0.2 ppm 0.1 ppm 0.1 ppm 

2 15.2 100 100 100 

3 23.4 100 100 100 

4 55.3 100 100 100 

5 69.4 100 100 100 

6 69.4 100 100 100 

7 69.4 100 100 100 

Chromium 

pH 87.6 ppm 12.6 ppm 0.5 ppm 0.3 ppm 

2 14.6 36.7 100 100 

3 56.4 68.5 100 100 
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4 79.1 84.8 100 100 

5 79.1 84.8 100 100 

6 79.1 84.8 100 100 

7 73.2 79.3 100 100 

Cadmium 

pH 52.7 ppm 40.0 ppm 1.0 ppm 0.9 ppm 

2 27.4 31.3 100 100 

3 57.1 61.7 100 100 

4 74.3 79.5 100 100 

5 83.9 90.6 100 100 

6 83.9 90.6 100 100 

7 83.9 90.6 100 100 

Zinc 

pH 95.5 ppm 0.8 ppm 0.6 ppm 48.8 ppm 

2 18.7 100 100 25.3 

3 32.1 100 100 39.5 

4 64.3 100 100 76.8 

5 80.3 100 100 86.8 

6 80.3 100 100 86.8 

7 80.3 100 100 86.9 
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Appendix IIIa: Effect of pH on adsorption of lead ions 

 

Appendix IIIb: Effect of pH on adsorption of nickel ions 

 

 

0

20

40

60

80

100

2 3 4 5 6 7

A
d

so
rp

ti
o
n

  
ef

fi
ci

en
cy

(%
)

pH

75.3 ppm

1.2 ppm

3.2 ppm

68.5 ppm

0

20

40

60

80

100

2 3 4 5 6 7

A
d

so
rp

ti
o

n
  e

ff
ic

ie
n

cy
 (

%
)

pH

63.6 ppm

0.2 ppm

0.1 ppm

0.1 ppm



93 
 

Appendix IIIc: Effect of pH on adsorption of chromium ions 

 

Appendix IIId: Effect of pH on adsorption of cadmium ions 
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Appendix IV: Adsorption efficiency (%) vs contact time (min) or Zn, Pb, Ni, Cd and Cr 

Lead  

% adsorbed at: 

Time 75.3 ppm 68.5 ppm 3.2 ppm 1.2 ppm 

0 0.0 0.0 0.0 0.0 

10 27.4 35.1 100 100 

20 56.2 80.7 100 100 

30 76.2 80.7 100 100 

40 76.2 80.7 100 100 

50 76.2 80.7 100 100 

60 76.2 80.7 100 100 

70 76.2 80.7 100 100 

80 76.2 80.7 100 100 

90 76.2 80.7 100 100 

100 76.2 80.7 100 100 

110 76.2 80.7 100 100 

120 76.2 80.7 100 100 

Zinc 

Time 0.8ppm 95.5 ppm 48.8 ppm 0.6ppm 

0 0.0 0.0 0.0 0.0 

10 100 33.1 45.7 100 

20 100 48.4 63 100 

30 100 55.9 80.7 100 

40 100 64.5 88.4 100 

50 100 77.1 88.4 100 

60 100 82.1 88.4 100 

70 100 82.1 88.4 100 

80 100 82.1 88.4 100 

90 100 82.1 88.4 100 

100 100 82.1 88.4 100 
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110 100 82.1 88.4 100 

120 100 82.1 88.4 100 

Chromium 

Time 87.6ppm 0.5 ppm 12.6 ppm 0.3ppm) 

0 0.0 0.0 0.0 0.0 

10 26.4 100 62.9 100 

20 49.7 100 88.7 100 

30 63.2 100 88.7 100 

40 75.4 100 88.7 100 

50 75.4 100 88.7 100 

60 75.4 100 88.7 100 

70 75.4 100 88.7 100 

80 75.4 100 88.7 100 

90 75.4 100 88.7 100 

100 75.4 100 88.7 100 

110 75.4 100 88.7 100 

120 75.4 100 88.7 100 

Nickel 

Time  0.2ppm  63.5 ppm 0.1 ppm 0.1ppm 

0 0.0 0.0 0.0 0.0 

10 100 16.1 100 100 

20 100 24.7 100 100 

30 100 32.1 100 100 

40 100 38.8 100 100 

50 100 45.8 100 100 

60 100 55.8 100 100 

70 100 72.6 100 100 

80 100 75.8 100 100 

90 100 75.8 100 100 

100 100 75.8 100 100 
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110 100 75.8 100 100 

120 100 75.8 100 100 

Cadmium 

Time 1.0ppm (52.7 ppm 40.0 ppm 0.9ppm 

0 0.0 0.0 0.0 0.0 

10 100 20.1 24.7 100 

20 100 30.7 53.3 100 

30 100 42.1 60.8 100 

40 100 48.3 69.4 100 

50 100 55.8 73.4 100 

60 100 65.8 73.4 100 

70 100 65.8 73.4 100 

80 100 65.8 73.4 100 

90 100 65.8 73.4 100 

100 100 65.8 73.4 100 

110 100 65.8 73.4 100 

120 100 65.8 73.4 100 
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Appendix IVa : Effect of contact time on adsorption of lead ions 

   

 

Appendix IVb : Effect of contact time on adsorption of nickel ions 
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Appendix IVc : Effect of contact time on adsorption of chromium ions 

   

 

Appendix IVd : Effect of contact time on adsorption of cadmium ions 
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Appendix V: Adsorption efficiency (%) vs adsorbent dosage (g) for Ni, Cd, Cr, Zn and Pb 

The table below shows how efficiencies varies with mass of the adsorbent for each metal at 

different concentrations 

Lead 

adsorption efficiency at: 

Mass(g) 75.3 ppm 68.5 ppm 3.2 ppm 1.2 ppm 

0.5 33.4 26.4 100 100 

1.0 39.0 35.9 100 100 

1.5 56.1 52.1 100 100 

2.0 65.7 67.8 100 100 

2.5 76.2 80.7 100 100 

3.0 76.2 80.7 100 100 

3.5 76.2 80.7 100 100 

4.0 76.2 80.7 100 100 

4.5 76.2 80.7 100 100 

5.0 76.2 80.7 100 100 

Zinc 

Mass(g) 0.8ppm 95.5 ppm 48.8 ppm 0.6ppm 

0.5 100 25.1 27.7 100 

1.0 100 35.4 58.3 100 

1.5 100 57.9 79.7 100 

2.0 100 70.5 89.4 100 

2.5 100 70.5 92.4 100 

3.0 100 70.5 92.4 100 

3.5 100 70.5 92.4 100 

4.0 100 70.5 92.4 100 

4.5 100 70.5 92.4 100 

5.0 100 70.5 92.4 100 

Chromium 
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Mass(g) 87.6ppm 0.5 ppm 12.6 ppm 0.3ppm) 

0.5 10.4 100 63.4 100 

1.0 12.7 100 88.3 100 

1.5 15.2 100 90.5 100 

2.0 28.4 100 100 100 

2.5 47.4 100 100 100 

3.0 60.4 100 100 100 

3.5 66.4 100 100 100 

4.0 72.4 100 100 100 

4.5 72.4 100 100 100 

5.0 72.4 100 100 100 

Nickel 

Mass(g)  0.2ppm  63.5 ppm 0.1 ppm 0.1ppm 

0.5 100 18.1 100 100 

1.0 100 21.7 100 100 

1.5 100 27.2 100 100 

2.0 100 38.8 100 100 

2.5 100 55.8 100 100 

3.0 100 67.8 100 100 

3.5 100 69.6 100 100 

4.0 100 70.8 100 100 

4.5 100 72.5 100 100 

5.0 100 72.5 100 100 

Cadmium 

Mass(g)  1.0ppm (52.7 ppm 40.0 ppm 0.9ppm 

0.5 100 24.7 20 100 

1.0 100 28.3 23.7 100 

1.5 100 34.1 30.8 100 

2.0 100 45.3 49.4 100 

2.5 100 60.8 67.4 100 
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3.0 100 68.8 80.3 100 

3.5 100 68.8 80.3 100 

4.0 100 68.8 80.3 100 

4.5 100 68.8 80.3 100 

5.0 100 68.8 80.3 100 

 

Appendix Va: Effect of adsorbent dosage on adsorption of lead ions 

Appendix Vb: Effect of adsorbent dosage on adsorption of nickel ions 
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Appendix Vc: Effect of adsorbent dosage on adsorption of chromium ions 

 

Appendix Vd: Effect of adsorbent dosage on adsorption of cadmium ions 
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Appendix VI: Equilibrium data for Pb2+, Cd2+, Cr3+, Zn2+ and Ni2+. 

 

Equilibrium data for Pb2+ 

Co Ce 1/Ce qe 1/qe log qe log Ce 

0.5 0 Error 0.1 10 -1.0000 Error 

1 0 Error 0.2 5 -0.6990 Error 

10 0 Error 2 0.5 0.3010 Error 

20 3.7 0.2703 3.26 0.3067 0.5132 0.5682 

40 8.9 0.1124 6.22 0.1608 0.7938 0.9494 

60 18.5 0.0541 8.3 0.1205 0.9191 1.2672 

80 25.4 0.0394 10.92 0.0916 1.0382 1.4048 

Equilibrium data for  Cd2+ 

Co Ce 1/Ce qe 1/qe log qe log Ce 

0.5 0 0.1000 Error 10.0000 Error -1.0000 

1 0 0.2000 Error 5.0000 Error -0.6990 

10 1.3 1.7400 0.7692 0.5747 0.1139 0.2405 

20 2.9 3.4200 0.3448 0.2924 0.4624 0.5340 

30 6.1 4.7800 0.1639 0.2092 0.7853 0.6794 

40 12.5 5.5000 0.0800 0.1818 1.0828 0.7404 

50 15.4 6.9200 0.0649 0.1445 1.1875 0.8401 

60 22.1 7.5800 0.0452 0.1319 1.3444 0.8796 

Equilibrium data for Cr3+ 

Co Ce 1/Ce qe 1/qe log qe log Ce 

0.5 0 0.1000 Error 10.0000 Error -1.0000 

1 0 0.2000 Error 5.0000 Error -0.6990 

10 1.2 1.7600 0.8333 0.5682 0.0792 0.2455 

20 2.2 3.5600 0.4545 0.2809 0.3424 0.5514 

30 3.1 5.3800 0.3226 0.1859 0.4914 0.7308 

40 5.5 6.9000 0.1818 0.1449 0.7404 0.8388 
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50 6.4 8.7200 0.1563 0.1147 0.8062 0.9405 

60 9.1 10.1800 0.1099 0.0982 0.9590 1.0077 

80 12.4 13.5200 0.0806 0.0740 1.0934 1.1310 

90 13.7 15.2600 0.0730 0.0655 1.1367 1.1836 

Equilibrium data for Zn2+ 

Co Ce 1/Ce qe 1/qe log qe log Ce 

0.5 0 0.1000 Error 10.0000 Error -1.0000 

1 0 0.2000 Error 5.0000 Error -0.6990 

10 0 2.0000 Error 0.5000 Error 0.3010 

20 2.4 3.5200 0.4167 0.2841 0.3802 0.5465 

40 4.9 7.0200 0.2041 0.1425 0.6902 0.8463 

50 9.4 8.1200 0.1064 0.1232 0.9731 0.9096 

60 11.1 9.7800 0.0901 0.1022 1.0453 0.9903 

80 16.4 12.7200 0.0610 0.0786 1.2148 1.1045 

100 20.7 15.8600 0.0483 0.0631 1.3160 1.2003 

Equilibrium data for Ni2+ 

Co Ce 1/Ce qe 1/qe log qe log Ce 

0.5 0 0.1000 Error 10.0000 Error -1.0000 

1 0 0.2000 Error 5.0000 Error -0.6990 

10 0 2.0000 Error 0.5000 Error 0.3010 

20 3.6 3.2800 0.2778 0.3049 0.5563 0.5159 

30 5.8 4.8400 0.1724 0.2066 0.7634 0.6848 

40 8.4 6.3200 0.1190 0.1582 0.9243 0.8007 

50 13.3 7.3400 0.0752 0.1362 1.1239 0.8657 

60 17.8 8.4400 0.0562 0.1185 1.2504 0.9263 

70 23.4 9.3200 0.0427 0.1073 1.3692 0.9694 

 

Example on calculation of Langmuir and Freundlich parameters. 

The initial concentration of Pb2+ was 60 ppm while the final concentration was 18.5 ppm. Using 

the data in appendix VI and equation in figures 4.7 and 4.8.  
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Comparing equation 3.6 with equation from the graph (Figure 4.8) 

y = 0.9018x +0.0625 

1

qm
= 0.0625         hence qm= 16 

1

qm .b
= 0.9018       replacing qm we get b=0.0693 

Comparing equation 3.9 with equation from the graph (Figure 4.7) 

y = 0.6004x +0.1872 

log Kf   =0.1872    hence Kf = 1.5389 

1/n =0.6004 hence n=1.6656 
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Appendix VII: Kinetic graphs for Equilibrium data for Pb2+, Cd2+, Cr3+, Zn2+ and Ni2+. 

Appendix VIIa: Pseudo-first-order graphs for the adsorption of lead ions on ground water 

hyacinth. 

 

Appendix VIIb:  Pseudo-first-order graphs for the adsorption of nickel ions on ground 

water hyacinth. 
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Appendix VIIc: Pseudo-first-order graphs for the adsorption of chromium ions on 

groundwater hyacinth.  

 

Appendix VIId: Pseudo-first-order graphs for the adsorption of cadmium ions on ground 

water hyacinth. 
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Appendix VIIe: Pseudo-second-order graphs for the adsorption of lead ions on ground 

water hyacinth. 

 

Appendix VIIf: Pseudo-second-order graphs for the adsorption of nickel ions on ground 

water hyacinth. 
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Appendix VIIg: Pseudo-second-order graphs for the adsorption of chromium ions on 

ground water hyacinth. 

 

 

Appendix VIIh: Pseudo-second-order graphs for the adsorption of cadmium ions on 

ground water hyacinth. 
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Appendix VIIk: Kinetic data for Kinetic graphs for Equilibrium data for Pb2+, Cd2+, Cr3+, 

Zn2+ and Ni2+. 

Kinetic  data for Cr 3+  (87.6 ppm) 

Time Ct Co V M qt qe qe-qt log (qe-qt) t/qt 

0 87.6 87.6 0.1 0.5 0.0000 13.2200 13.2200 1.1212 Error 

10 64.4 87.6 0.1 0.5 4.6400 13.2200 8.5800 0.9335 2.1552 

20 44.0 87.6 0.1 0.5 8.7200 13.2200 4.5000 0.6532 2.2936 

30 32.2 87.6 0.1 0.5 11.0800 13.2200 2.1400 0.3304 2.7076 

40 21.5 87.6 0.1 0.5 13.2200 13.2200 0.0000 Error 3.0257 

Kinetic data for Zn2+(95.5 ppm) 

time Ct Co V M qt qe qe-qt log (qe-qt) t/qt 

0 95.5 95.5 0.1 0.5 0.0000 15.6800 15.6800 1.1953 Error 

10 64.1 95.5 0.1 0.5 6.2800 15.6800 9.4000 0.9731 1.5924 

20 49.4 95.5 0.1 0.5 9.2200 15.6800 6.4600 0.8102 2.1692 

30 42.2 95.5 0.1 0.5 10.6600 15.6800 5.0200 0.7007 2.8143 

40 34 95.5 0.1 0.5 12.3000 15.6800 3.3800 0.5289 3.2520 

50 21.9 95.5 0.1 0.5 14.7200 15.6800 0.9600 -0.0177 3.3967 

60 17.1 95.5 0.1 0.5 15.6800 15.6800 0.0000 Error 3.8265 

Kinetic data for Cd2+ (52.7 ppm) 

time Ct Co V M qt qe qe-qt log (qe-qt) t/qt 

0 52.7 52.7 0.1 0.5 0 5.88 5.88 0.7694 Error 

10 42.1 52.7 0.1 0.5 2.12 5.88 3.76 0.5752 4.7170 

20 36.5 52.7 0.1 0.5 3.24 5.88 2.64 0.4216 6.1728 

30 30.5 52.7 0.1 0.5 4.44 5.88 1.44 0.1584 6.7566 

40 27.2 52.7 0.1 0.5 5.10 5.88 0.78 -0.1079 7.8431 

50 23.3 52.7 0.1 0.5 5.88 5.88 0.00 Error 8.5034 

Kinetic data for Ni2+  (63.5 ppm) 

time Ct Co V M qt qe qe-qt log (qe-qt) t/qt 

0 63.5 63.5 0.1 0.5 0.0000 9.6400 9.6400 0.9841 Error 
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10 53.4 63.5 0.1 0.5 2.0400 9.6400 7.6000 0.8808 4.9020 

20 47.9 63.5 0.1 0.5 3.1400 9.6400 6.5000 0.8129 6.3694 

30 43.2 63.5 0.1 0.5 4.0800 9.6400 5.5600 0.7451 7.3529 

40 39.9 63.5 0.1 0.5 4.7400 9.6400 4.9000 0.6902 8.4388 

50 34.5 63.5 0.1 0.5 5.8200 9.6400 3.8200 0.5821 8.5911 

60 28.1 63.5 0.1 0.5 7.1000 9.6400 2.5400 0.4048 8.4507 

70 17.4 63.5 0.1 0.5 9.2400 9.6400 0.4000 -0.3979 7.5758 

80 15.4 63.5 0.1 0.5 9.6400 9.6400 0.0000 Error 8.2988 

Kinetic data for Pb2+  (75.3 PPM) 

time Ct Co V M qt qe qe-qt log (qe-qt) t/qt 

0 75.3 75.3 0.1 0.5 0 10.74 10.74 1.0310 Error 

5 60.4 75.3 0.1 0.5 2.98 10.74 7.76 0.8899 1.6779 

10 54.7 75.3 0.1 0.5 4.12 10.74 6.62 0.8209 2.4272 

15 44.1 75.3 0.1 0.5 6.24 10.74 4.50 0.6532 2.4038 

20 33 75.3 0.1 0.5 8.46 10.74 2.28 0.3579 2.3641 

25 21.6 75.3 0.1 0.5 10.74 10.74 0.00 Error 2.3277 

 

Example; the initial concentration of Pb2+ was 75.3 ppm while the final concentration was 21.6 

ppm. Using the data in appendix VII and equation on figures in Appendix VIIb and VIIg. 

Comparing   y = -0.0395x + 1.1197 with equation   3.10                                                                    

qe =13.1735, while k1 = -2.303  x-0.0395 = 0.091 

Comparing y = 0.0781x + 0.8901 with equation 3.11  

qe= 1/0.0781 = 12.8041, k2 =0.0069. 


